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Abstract
Pressure plays a critical role in regulating the structures and properties of materials.
Since Percy Bridgeman was recognized by the 1946 Nobel Prize for his contribution to
high-pressure physics, high-pressure research as an interdisciplinary area has attracted
extensive attentions. Nowadays, high-pressure science involves broad frontier areas, such
as chemistry, physics, biology, material and earth science. For instance, brand new
classes of inorganic materials of unusual stoichiometries and crystal structures, with wide
range of optical, mechanical, electronic and magnetic properties, have been produced at
high pressure. Pressure-induced structural transformations between crystalline and
amorphous materials, as well as among insulators, conductors and even superconductors,
have been extensively documented. This Ph.D. work focused on investigating pressureinduced structural transformations in materials and understanding the involved chemistry,
which was assembled into two parts.
In part I, two molecular systems, chlorocyclohexane (CCH) and azobenzene (AB),
were investigated to examine the pressure effect on chemical conformations, stability of
ring structures and reactivities using Raman spectroscopy. For CCH, pressure-induced
conformational change as well as rich phase transformations were observed upon
compression. Both AB and hydrazobenzene (HAB) underwent a phase transition at a
similar pressure. However, origins of these phase transformations were drastically
different. High-pressure structures of both molecules were examined based on
spectroscopic data. Their distinctive high-pressure behaviors were analyzed and
interpreted with the aid of ab initio molecular orbital calculations.
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Part II focuses on pressure-induced structural transformations of one dimensional (1D)
nanomaterials using vibrational spectroscopy and synchrotron X-ray diffraction.
Individual studies were first carried out on BN nanotubes and GaN nanowires aiming at
investigating their high-pressure behaviors. Then, systematic studies were conducted on
TiO2 and ZnO nanowires focusing on the size- and morphology- effect on their highpressure behaviors. These 1D nanomaterials behaved dramatically different from bulk
counterparts and nanoparticles, in terms of phase transition pressure, phase transition
sequence, and compressibility. In addition, morphology of each material before and after
compression was examined by scanning electron microscope. Our studies provide more
insight into the understanding of unique high-pressure behaviors of nanomaterials and
show profound implications for producing controlled structures with new applications
achieved by combined pressure-morphology tuning.

Keywords
High pressure, diamond anvil cell, pressure transmitting medium, synchrotron X-ray
diffraction, vibrational spectroscopy, molecular conformation, pressure induced
polymerization, phase transition, bulk modulus, nanomaterials, nanowires, nanotubes,
size effect, morphology effect
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Chapter 1 Introduction
1.1 High-pressure effect
Pressure, temperature and chemical composition form the trilogy of thermodynamic
variables that determine the stability and reactivity of molecules. So far much effort was
focused on the variation of temperature and composition in producing a rich array of
structures and compounds. In contrast, the pressure variable in chemistry has remained
relatively less explored, especially in the high pressure region. In fact, pressure spans
over 60 orders of magnitude in the universe, from 10-32 Pascal in intergalactic space to
1032 Pascal in the center of neutron star. Materials could exhibit various structures as well
as properties under such a broad range of pressure, leaving us huge space for producing
new materials by adjusting pressure.
The earliest high-pressure studies can be dated back to the 17th century when Boyle
published his gas law. Since then, developments in high-pressure techniques allow the
access to high-pressure regions. The anvil technologies were originally developed by
Percy Bridgman, who received the Physics Nobel Prize in 1946 for his contribution to
high-pressure physics, allow the access to the gigapascal (GPa) region and have led the
high-pressure studies to spread in a number of disciplines. The later invention of the
diamond anvil cell (DAC), developed at the National Bureau of Standards of USA, laid
the foundation of static high pressure studies in modern laboratories.1 The DAC
apparatus has further facilitated high-pressure science by generating pressures of
hundreds of GPa (1 GPa = 109 Pa = 104 atm), comparable to pressure at the core of the
Earth.2
When applying pressure to materials, the general effect is to reduce the volume of the
materials. Pressure can efficiently shorten the inter-molecular and intra-molecular
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distances, which will increase the free energy of the system.3 This is simply because
pressure (P) and energy (E) are related by eq. 1.1, and thus alternation of the volume will
change the E.

P

E
V

(1.1)

Consequently, the system becomes thermodynamically unstable. The response of the
system to retrieve a new free energy minimum will result in a number of possible
processes, such as phase transformation, ionization, polymerization, amorphization,
dissociation and, even atomization and metallization. So far, a huge number of striking
phenomena have been observed experimentally under high pressure.4 For instance, as
seen in Fig. 1.1, pressure can initiate polymerization without catalyst such as
oligomerization of butadiene at 0.7 GPa.5 Even N2, which contains the strongest
homonuclear bond (bond energy: 945 kJ/mol), forms a polymer at a pressure greater than
120 GPa and a temperature of 2000 K.6 Under high pressure, metallization could also be
achieved even for gases, such as O2, which has been reported metalized at 95 GPa.7
Although no metallization has been observed experimentally for H2, ‘broken-symmetry’
molecular-ionic solid phase (H2+H2-) was reported formed at a pressure of 150 GPa.8 In
addition to experimental observations, theoretical computations have successfully
reproduced experimental observations under extreme pressure, proposed new highpressure perspectives, and yet posed new challenges.9-11
Modern high-pressure research involves broad frontier areas, such as chemistry,
physics, biology, materials and earth science. In particular, high-pressure studies in
chemistry and material science have shown major breakthroughs in the discovery of
numerous exotic structures and properties, for example, in producing super-hard
materials, investigating nanocrystalline materials, micro- to nano- porous materials, as
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well as in synthesis of novel materials.12-14 Brand new classes of inorganic materials of
unusual stoichiometries and crystal structures, which have a wide range of optical,
mechanical, electronic, and magnetic properties, have already been extensively reported.
For instance, c-BN obtained under high pressure is considered as a candidate replacement
of diamond.14 Hence, exploring pressure-induced phase transitions in materials (e.g.,
structural change, chemical reaction) as well as understanding the involved chemistry
constitutes the core of this thesis.

Figure 1.1 Examples of high-pressure phenomena. Copied from Ref. 4.
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1.2 Objectives and structures of the thesis
The layout of this thesis is as follows. Chapter 1 provides a general introduction
of high-pressure chemistry. Chapter 2 describes the instrumentations used in this thesis.
Chapters 3 to 9 constitute the body of the thesis, which has two themes as described in
the following. Finally, Chapter 10 summarizes the general conclusions of the thesis and
outlines the future work.

Part I High-pressure study of molecular solid systems
Molecular systems can be characterized by strong intra-molecular interactions and
bonds as well as weak inter-molecular interactions. In comparison with atomic and ionic
crystals, molecular systems are highly compressible, and their volume can be reduced by
greater than 1 or 2 order of magnitude with respect to ambient condition.15 Under these
conditions, the consequent increase in free energy can be large enough to exceed the
strength of the molecular bonds, which produces wide possibilities in the chemistry of
molecular systems, such as conformational changes, phase transformations and chemical
transformations.3,16,17 The inter- and intra- molecular distances are effectively shorten
under high pressures, which subsequently causes reversible or irreversible modifications
in the molecular structures and associated electronic, optical, or mechanical properties.
Therefore, pressure provides an excellent tool to produce new materials even starting
from simple molecular solids, especially those with unsaturated bonds or conjugate ring
structures.
In this work, two different molecular systems, chlorocyclohexane (CCH) and
azobenzene (AB) with its derivative hydrazobenzene (HAB), were investigated at high
pressure in order to study the pressure effect on molecular conformations, ring stability
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and chemical reactivity. The CCH exhibited rich solid to solid transformations upon
compression. In the AB and HAB system, it was found that AB behaved dramatically
different from HAB under high pressure in terms of chemical transformations and
reversibility. However, the ring structures of both systems were surprisingly stable under
high pressures. Detailed information of these studies are included in Chapter 3 (CCH)
and Chapter 4 (AB and HAB), respectively.

Part II Novel pressure-induced structural transformations of one dimensional
inorganic nanomaterials
Nanomaterials refer to materials with dimensions of nanometer scale, typically less
than 100 nm. This length scale can be, for instance, particle diameter, grain size, layer
thickness, tube diameter or length. In general, it is well known that the physical and
chemical properties of materials in nano-scale are substantially different from their bulk
counterparts, and are stronger size and morphology dependent. Hence, nanostructured
materials are of fundamental importance because of their wide range of tunable electrical,
optical and mechanical properties that bulk materials do not possess.
Normally, the properties of nanomaterials are largely determined by the synthetic
routes and their compositions. However, high-pressure studies have demonstrated that, in
addition to the synthetic approaches, pressure can provide an additional force to modify
nanomaterials’ structures as well as morphology.13,18-30 For instance, carbon nanotubes at
extremely high pressures were reported to transform into a single crystal diamond or a
graphite powder.31 Pressure induced phase transformation is one of the benefits of high
pressure in terms of producing novel structures. In addition, in contrast to the bulk
materials, nanomaterials behave drastically differently under high pressure. For instance,
ZnS nanobelts have been found to exhibit a much wider stability region up to 6.8 GPa for
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the wurtzite phase, in strong contrast to bulk ZnS, which is much more stable in the
sphalerite phase.32 In addition, nanomaterials with same composition but with different
size also exhibit different pressure responses. For example, although both bulk and
nanomaterials CdSe undergo the phase transformation from wurtzite to rocksalt structures
under high pressures, the onset phase transition pressures were determined by their
particle size.28 Therefore, high-pressure study of nanomaterials has attracted increasing
attentions. So far, there have been many studies carried out on nanoparticles (as
summarized in Table 1.1).33 In addition to nanoparticles, high-pressure studies on 1D
nanomaterials is also an indispensable part of understanding pressure effect on
nanonmaterials and exploring new structures and properties. Our interests focus on
inorganic nanowires and nanotubes, due to their wide applications but lack of
understanding in terms of high-pressure behaviors. The related works constituted part II
of the thesis. First, high-pressure behaviors of individual cases were investigated by
comparing to their corresponding bulk counterparts, which compromised Chapter 5 (GaN
nanowires), Chapter 6 (BN nanotubes) and Chapter 7 (TiO2 nanowires). After these
individual case studies, systematic high-pressure study was conducted on ZnO nanowires
with a series of different width aiming at understanding the size effect on their behaviors,
which was summarized in Chapters 8 and 9.
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Table 1.1 Summary of high-pressure studies on one dimensional inorganic nanomaterials.
material
ZnS

BN

ZnO

SnO2

morphology

dimension *

pressure (GPa)**

characterization method

reference

Nanobelt

11.4
19.4
37.2
16
19.1
34.6
21.5
19.3
26.4
24
24.8
21.5

X-ray diffraction
Raman, Photoluminescence
X-ray diffraction
Raman
X-ray diffraction
FTIR
Raman, X-ray diffraction

21
34
35
36,37
38
this work
39

X-ray diffraction

this work

Nanotube

t: ~ 10 nm, w: ~ 1 m, l: 100 m
w: ~ 10 nm
w: ~ 10 nm
d: 20 – 50 nm
d: ~ 50 nm
d: ~ 100 nm
w: 60 – 100 nm, l: tens of m
w: 200 – 300 nm, l: 3 – 4 m
w: 50 – 100 nm, l: 3 – 4 m
w: 50 – 70 nm, l: 3 – 4 m
w: 25 – 35 nm, l: tens of m
d:10 – 70 nm

X-ray diffraction

40

Nanowire
Nanobelt

w: 50 – 60 nm, l: several m
t: tens of nm, w: ~ 1 m, l: several m

37.9
36.2

Raman, X-ray diffraction
Raman, X-ray diffraction

41

Nanoribbon

t: ~ 20 nm, w: 50 – 200 nm, l: tens of m

30.9

Raman, X-ray diffraction

42

Raman, X-ray diffraction

this work

X-ray diffraction

this work

Nanorod
Nanotube

Nanowire

TiO2

w: 50 – 150 nm, l: ~ 12 m
w: 200 – 300 nm, l: ~ 12 m
GaN
Nanowire
w: tens of m, l: < 100 nm
* d: diameter; w: width; l: length; t: thickness.
**: The highest pressure achieved for each study.
Nanowire

36.7
32.3
65
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Chapter 2 Instrumentation
2.1 High-pressure apparatus
2.1.1 Diamond anvil cell (DAC)
The pressure required for a high-pressure experiment can be produced through the
application of a mechanical force perpendicularly to the surface of the sample placed in a
vessel. Currently, the widely used high-pressure vessel is the diamond anvil cell (DAC).
There are many different types of DACs, for instance, P-type DAC from High Pressure
Diamond Optics Inc and membrane cell from Easylab, UK. In addition, customized
DACs are also available according to the requirements of different high-pressure
experiments, such as symmetric DAC. For the symmetric type (Fig. 2.1 a), the DAC has
two parts, piston and cylinder. Four screws are employed to apply force by manual
tightening. A pair of diamond anvils are mounted on two tungsten carbide seats, which
are aligned to the piston and cylinder. The tips of the diamond anvils are tens to hundreds
of microns in diameter, thus, pressure within GPa can be eaily generated (e.g., 1 N can
generate 8 × 106 Pa on a 400 m culet.). Normally with the same anvil base size, the
smaller the culet size is, the higher the maximum pressure can be achieved. The smallest
culet size used in this thesis was 250 m, which allowed us to achieve a pressure up to 70
GPa.
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Figure 2.1 Photo (a) and schematic (b) of a symmetric DAC, and top view (c) of a sample
hole in the DAC with a ruby ball loaded.

Since vibrational spectroscopy is one of the most effective probes for high-pressure
studies (as described later), optical transparency is the prime factor in selecting diamond
anvils. There are basically two types of diamonds used for different spectroscopic probes,
namely types I and II, which can be further classified to types Ia, Ib, IIa and IIb acrroding
to the level and type of their chemical impurities. All diamonds have the intense first
order Raman line at 1332 cm-1 (F2g mode),1 but with different infrared absorption ranges.
Type I stones (with more nitrogen impurities) have two strong absorption regions, which
are around 2000 cm-1 and 1000 – 1350 cm-1, respectively. In contrast, type II stones (low
levels of nitrogen impurities) have a clean window below 2000 cm-1 allowing IR
measurements in the DAC. Due to their different optical transparencies, type I diamonds
are only suitable for Raman spectroscopy, while type II diamonds are mainly used for IR
spectroscopy.
Another component of the DAC assembly is the gasket, in which samples are held
inside the cell. As shown in Fig. 2.1 b, the gasket is placed between two diamond anvils.
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Generally, a gasket is made of metal, such as stainless steel, tungsten, beryllium, etc. To
be used in the experiment, the gasket will be first pre-indented to a thickness of tens of
microns from initial thickness of 280 m. Then a hole, the size of which is about one
third of the diamond culet, will be drilled at the center of the pre-indented mark using an
electric discharge machine (EDM), and used as the sample chamber (Fig. 2.1 c). Under
high pressure, gaskets not only provide lateral support to the conical faces of the anvils,
but also protect the two diamond anvils by preventing them from touching.

2.1.2 Pressure gauge
Reliable and accurate pressure gauge is an indispensable component in high-pressure
experiments. Originally, pressure is obtained indirectly by making reference to the
isothermal equations of state of metals (e.g., Au, Cu, Pt, Mo,) derived from shock wave
data. In this thesis, all the pressures were determined using the well established ruby
fluorescence method.2-5
Ruby is Al2O3 doped with Cr3+, which is loaded in the sample hole together with
samples. When excited by the laser, ruby has two intense luminescent peaks R1 and R2
(Fig. 2.2). The positions of R1 and R2 peaks are sensitive to pressure and shift to a longer
wavelength as pressure increases. Taking primary pressure standards (e.g., Au, Cu, Mo
and Pt) as references under quasi-hydrostatic conditions in argon or neon medium, the
correlation between pressure and R1 peak shift can be calibrated up to 80 GPa.5 With
these references, an equation (eq. 2.1) was established to describe the relationship.
B

1904 
 
P
  1
1 
B  694.24 


(2.1)
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where P is the in-situ pressure in GPa, and is the wavelength shift of R1 in nm. The
parameter B equals 7.665 under quasi-hydrostatic condition, and 5 under non-hydrostatic
condition. Using this method, the resolution of the pressure can be achieved to ± 0.05
GPa.

Figure 2.2 Ruby fluorescence measured at different pressures with the two luminescent
peaks labeled (R1 and R2). The pressure condition for each spectrum is labeled beside.
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2.1.3 Pressure transmitting medium
For high-pressure experiments, the ideal compression environment is under hydrostatic
conditions, meaning no pressure gradient in the entire sample area. However, the reality
is that the pressure inhomogeneity could be a serious problem as the pressure increases.
To maintain a hydrostatic condition, the widely used method is to load pressure
transmitting medium (PTM) into the sample chamber. The common PTMs are alcohol
mixtures made of 4:1 methanol-ethanol or 16:3:1 methanol-ethanol-H2O, which can
maintain a hydrostatic condition up to ~ 10.5 GPa.6-8 Regarding to experiments requiring
pressure greater than 10 GPa, silicone oil is more preferable to these alcohol mixtures.
However, the silicone oil is only applicable for pressure below 20 GPa, since it undergoes
a glass phase transition at around 20 GPa, beyond which the pressure homogeneity
becomes worse.9 Above 20 GPa, noble gases, such as Ar, He and Ne, etc, are the best
quasi-hydrostatic PTM known so far, especially at low temperatures. For instance, Ne
can extend the quasi-hydrostatic condition up to 50 GPa or even beyond, which is
sufficiently high for most studies of high-pressure chemistry.9 Moreover, these noble
gases can be loaded under moderate pressure (e.g. 150 MPa) and at room temperature by
enclosing the DAC in an adequate loading autoclave.10 The PTM used in this work varies
as the studied materials differ and will be mentioned in detail in the experimental section
of each chapter.
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2.2 Vibrational spectroscopy
2.2.1 Origin of vibrational spectroscopy
Molecules and solids have different types of motion and each of these types can lead to
different forms of excitation. Three of the main types are rotational, vibrational, and
electronic, which can be considered independent in many circumstances. When a
molecule interacts with an electromagnetic field, energy transfers from the field to the
molecule. The energy transferred at the vibrational levels can be recorded by vibrational
spectroscopy providing information regarding molecular structures, chemical bonding,
changes in the circumstance, etc. The most common techniques for vibrational
spectroscopy are infrared (IR) and Raman spectroscopy.
Raman and IR spectroscopy provide similar information of molecule vibrations,
however, their selection rules are different. Fig. 2.3 describes several examples using
symmetric diatomic, asymmetric diatomic and symmetric triatomic molecules as model
molecules to distinguish the selection rules between Raman and IR spectroscopy.11 In the
molecules or in the unit cells of a crystal, vibrations could cause a mechanical

deformation Q. If Q changes the dipole moment PD , the vibration mode is considered as

IR-active. If the polarizability  is changed, the vibration is a Raman process. Obviously
a vibration can be either Raman-active or IR-active, or active to both probes. In fact,
vibrations can also be inactive or silent to both Raman and IR. Thus, for a non-silent
molecular vibration, it can be detected by either Raman or IR spectroscopy, which makes
Raman and IR techniques complementary to each other by providing a whole picture of
molecular vibrations.
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Figure 2.3 Selection rules for Raman and infrared activity of vibrations. Adopted from
Ref. 12.

2.2.2 Advantages of vibrational spectroscopy at high pressures
In high-pressure experiments, special consideration must be taken for interfacing the
technique with DAC due to the small sample size and the presence of the diamond
window. The transparency of diamond windows makes DAC exceptionally useful for
optical studies. In addition, the optical instruments in both Raman and IR spectroscopy,
i.e., micro-Raman and micro-infrared systems, are designed compatible with DAC, which
are widely used in high-pressure studies. Moreover, the developments of both techniques
have extended their capability at high pressures as well as variable temperatures.
Raman techniques have been improved substantially in increasing the signal collection
efficiency with the help of the developments of extremely sensitive and low background
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array detector, the holographic transmission optics, and fast imaging spectrometers, and
so on. Those developments make Raman spectroscopy much more compact and thus
easily coupled with diamond anvil cells for measurements at ultrahigh pressures.
Developments in broad band synchrotron IR techniques provide ~ 104 times the
brightness of a conventional thermal source. With synchrotron source, people are able to
conduct IR measurement at low temperature.
Moreover, both Raman and IR spectroscopy can not only be used for probing
vibrational states, but also be applied to other studies. For instance, Raman spectroscopy
can also be used in studying magnetic and electronic excitations under pressure. In
addition, as mentioned above, the pressure tuning of fluorescence spectra of ruby provide
a scale for calibrating the pressure. IR spectroscopy provides detailed information on
bonding properties of crystals, glasses, and melts, thereby yielding a microscopic basis
for thermodynamic parameters, information on bonding and crystal structure, and
transformation mechanisms.
2.2.3 Micro-Raman system in the Song Laboratory
In this thesis, a user customized Raman system was used for most of the Raman
measurements. The schematic diagram of this Raman system is depicted in Fig. 2.4. The
system is constructed on an optical table. An Argon ion laser is used as the excitation
source (Coherent Innova 90C Series Ion Laser). Multiple discrete lines with different
wavelength are available as excitation converting a spectral range from 488 nm to 514
nm. In this thesis, different excitation wavelengths were used for different projects, which
will be specified in each chapter. The maximum output power can reach 6 W for the
system. 514 nm and 488 nm are the most used excitation wavelengths with maximum
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energy outputs of 0.27 W and 0.38 W, respectively. The microscope system (blue area in
Fig. 2.4) is used to focus the laser beam onto the specimen containing a 15× eyepiece and
20× objective (Olympus Microscope), two beam splitters built inside and a CCD camera
which allows in-situ imaging. The 3-D manually adjustable sample stage is designed to
align the DAC right bellow the microscope. To record the Raman spectrum, a liquid
nitrogen cooled CCD (charge-coupled device) (Spec-10 system, Princeton Instrument) is
used to maintain the -120 °C operation condition. A 0.5 m monochromator (SpectroPro2500i, Acton Research Corporation) is used to analyze Raman signals. A triple gratings
system with different resolution (300 lines/mm, 1200 lines/mm, and 1800 lines/mm) is
housed inside of the spectrometer. The instrument control and data collection are realized
by the WinSpec software, by which the pressure can be obtained directly from the
position of R1 ruby fluorescence. The system is calibrated by using standard neon lines.
With its calibration, the Raman system could achieve a resolution of ±1 cm-1.
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Figure 2.4 Schematic of the Raman system. BPF: band path filter; IRIS: IRIS aperture;
M1-7: broadband dielectric reflecting mirrors; FW1A: Six station filter wheel; BS: beam
splitter; NF: notch filter; DAC: diamond anvil cell; Triple gratings: 300 lines/mm, 1200
lines/mm, and 1800 lines/mm. Blue area is the microscope system with a CCD camera,
which is perpendicular to the other parts.

2.2.4 Micro-IR system in the Song Laboratory
The IR measurements were carried out using a customized IR micro-spectroscopy
system constructed in the Song laboratory. Fig. 2.5 shows the schematic diagram of the
customized IR system. A commercial Fourier transform infrared (FTIR) spectrometer
from Bruker Optics Inc. (model Vertex 80v) equipped with a Globar IR light source
constitutes the main component of the micro-IR system, which is operated under a
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vacuum of less than 5 mbar such that interference from H2O and CO2 is efficiently
removed. A collimated IR beam of varying diameters set with apertures ranging from
0.25 mm to 8 mm is directed into a relay box through a KBr window on the spectrometer.
The beam is then focused onto the sample in the DAC by iris optics and 15× reflective
objective lens with a numerical aperture of 0.4. The DAC on the sample XYZ precision
stage is aligned with the aid of an optical microscope equipped with an objective lens
with variable magnifications (0.75× to 3×) and a 20× eyepiece from Edmund Optics. The
size of the IR beam is set to be identical to the entire sample size (e.g., ~ 150 m) by a
series of iris apertures. The transmitted IR beam is collected using another identical
reflective objective as the condenser and is directed to a midband mercury cadmium
telluride (MCT) detector equipped with a ZnSe window allowing measurements in the
spectral range of 600 cm-1 to 12000 cm-1. The customized spectroscopy system also
allows IR measurements in the reflection mode using reflective optics via the optical path
shown in Fig. 2.5. All measurements in our study were undertaken in absorption mode. A
resolution of 4 cm-1 and 512 - 1000 scans were applied for each spectrum collection with
an excellent signal-to-noise ratio. The reference spectrum, that is, the absorption of
diamond anvils loaded with KBr but without any sample, was later divided as
background from each sample spectrum to obtain the absorbance.
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Figure 2.5 Schematic diagram of the IR microspectroscopy system. The IR spectrometer
(model Vertex 80) from Bruker is operated under vacuum. The collimated IR beam comes
out through a KBr window. The rest of the optics is purged using CO2-free dry air in closed
boxes or frames. All major optical components are labeled. Those with “-R” and half
mirror are for reflection measurements, whereas the rest are for transmission/absorption
measurements. “Switch” refers to switchable mirrors for illumination purposes. “Mirror-TR” is a mirror used to switch between transmission and reflection modes. “Mirror-F” is
used to focus the IR signal to the detector.
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2.3 Synchrotron X-ray diffraction (XRD)
2.3.1 Principles of synchrotron radiation
Synchrotron radiation is emitted when charged particles travelling at relativistic speeds
change velocity, such as when they are made to follow a curved trajectory by a magnetic
field. As illustrated in Fig. 2.6, the high energy electrons are first accelerated to speeds
close to that of light, and then are injected to the storage ring guided by arrays of
magnets. The storage rings are made of several segments, comprising a straight section
followed by a curved section where electrons are steered via a bending magnet into the
curved sections.
In the straight sections arrays of magnets, which are generally referred to the insertion
devices, can be positioned to produce alternating magnetic fields that cause the path of
the electrons to oscillate (as seen in Fig. 2.7: undulator and wiggler). Each oscillation
leads to the emission of synchrotron radiation which can be tailored for various
applications by choosing the number, amplitude, frequency and direction of the
oscillations.
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Figure 2.6 Schematic view of a synchrotron radiation source. The injection-accelerating
system (Linac+Booster) is inside the storage ring which is actually like a polygon with the
bending magnets at their vertices. Bending magnets (BM), provoke the deflection of the
electron trajectory, and as a consequence, it produces the synchrotron radiation which
escapes forwardly. Insertion devices (ID), can be allocated in the straight sectors to produce
specific synchrotron light. The radio frequency cavity of the storage ring and those of the
booster synchrotron are also indicated.
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Figure 2.7 Comparative illustration of the generation process of synchrotron light by a
bending magnet (left) and by two different insertion devices (middle and right): periodic,
weak deflection of the electron beam in a flat undulator of period length and larger
transverse oscillations of the beam produced in a wiggler. Differences in photon beam
collimation achieved for the three magnetic elements are shown.

Bending magnets and the insertion devices have their magnetic field in the vertical
direction causing deflection of the electrons in the horizontal plane. The radiation is
therefore linearly polarized with the electric component lying in the plane of the
synchrotron orbit. The radiation emitted by a single electron forms a narrow cone of
angular width, leading to the very high vertical collimation of the X-ray beam. The
spectrum of synchrotron radiation depends on the energy of electrons in the storage ring,
the curvature of their path, and, for an undulator, the interference effects. As a general
rule, the greater the electron energy in the storage rings, the higher the energy of the
emitted X-rays.
Synchrotron radiation has many extraordinary properties in contrast to the
corresponding local sources. First, its energy range extends continuously from the far IR
(10-3 eV) to hard X-ray (105 eV), thereby providing probes over an exceptionally wide
portion of the electromagnetic spectrum. Second, synchrotron light source is extremely
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bright. For example, the brightness of a synchrotron infrared radiation has up to about 104
times of that for a conventional thermal (lamp) source. Third, the highly collimated
radiation originates from a very small source (0.01 mm – 0.1 mm), allowing a very small
focal spot (submicron in X-ray region) with exceptional brightness or spatial resolution to
be achieved. Because of these unique properties, synchrotron radiation source has been
used widely in studies of materials under extreme pressures in a DAC via their diamond
window.12

2.3.2 Synchrotron X-ray diffraction at high pressures
The basic principle for X-ray diffraction (XRD) is given by Bragg equation (eq. 2.2).

   2dhkl sin  
where  is the wavelength of (elastically) scattered radiation, dhkl is the spacing of the
lattice planes with the Miller indices h, k, l.  is the angle of Bragg reflection with respect
to these planes. The diffraction angle, defined as the angle between the incident primary
beam and the diffracted beam, is therefore equal to 2. For a monochromatic radiation,
maxima in the scattered intensity are observed at some discrete values of 2hkl
corresponding to the lattice spacing dhkl. For ideal polycrystalline samples, where all
possible orientations of the individual microcrystalline grains are equally probable, the
radiation is scattered symmetrically around the primary beam into discrete diffraction
cones, which can be registered photographically as concentric circles on a flat film, or
more commonly, as Debye-Scherrer rings on a cylindrical film wrapped around the
sample with the primary beam passing through the film on one side, and through the
collimator hole on the other side.
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In high-pressure studies, due to the bulk anvils and small sample sizes, X-ray
diffraction measurements can only be performed with intense high energy X-ray beam
and very small beam size (e.g., tens of microns), which can hardly be achieved in local
X-ray diffraction facilities using Co, Cu, and Mo as the excitation sources. Therefore,
synchrotron radiation source becomes the best choice for high-pressure research due to its
extraordinary properties mentioned above.

2.3.3 Synchrotron X-ray diffraction facilities
The XRD patterns in this thesis were collected in angle dispersive X-ray diffraction
mode as described in Fig. 2.8. The monochromatic synchrotron X-ray beam is focused at
the center of the sample. Diffraction patterns of the samples are collected as DebyeScherrer rings by a 2D detector. The XRD experiments were carried out using the
synchrotron facilities at beam-line X17C at the National Synchrotron Light Source
(NSLS) in Brookhaven National Laboratory (BNL), and beam-line 16ID-B at Advanced
Photon Source (APS) in Argonne National Laboratory (ANL).

Figure 2.8 Schematic diagram of angle dispersive XRD.
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Figure 2.9 ADXRD set up at X17C of NSLS (a) and 16IDB of APS (b). Components such as
microscopes, detectors, sample stage and etc. were labeled for each facility. The dashed
arrows for both figures indicate the incident direction of X-ray beam.

29

X17C is a side branch of the high energy, high intensity superconducting wiggler X-ray
beam line built in 1984. The experimental setup at X17C hutch is shown in Fig. 2.9 a. A
high-energy fixed-exit monochromator with Sagitally-bent double Si crystal Laue mode
(transmission) is employed to improve the energy resolution, which is optimized for high
energy synchrotron X-ray from 20 KeV to 40 KeV and provides an energy resolution of

E/E=10-3. A pair of 100 mm length Kirkpatrick–Baez (KB) mirrors consisting of Si
crystals coated with Pt are used for focusing the white x-ray beam at a glancing angle of
approximately 1 mrad. With a 180 μm × 180 μm incident beam size, a 25 μm (horizontal)
× 27 μm (vertical) focused beam size can be obtained. The sample in the DAC is located
at the rotation centre of a goniometer (sample stage in Fig. 2.9 a). The system has
motorized ω and χ rotation stages and linear translation stages in the X, Y, and Z
directions. Via this system, the X-ray beam is fine focused at the center of the sample.
Then a MARCCD X-ray detector is used to collect the X-ray images. A 2range from 5
degree to 30 degree can be collected with a spatial resolution of 0.150 mm.
The 16ID-B beamline in APS is also a dedicated high-pressure beamline for X-ray
diffraction measurements. The work station for 16IDB is shown in Fig. 2.9 b. The
principle for experimental setting up is similar as that at X17C in NSLS. The source for
16ID-B is the dual undulator Type A, which provides X-ray in the energy region from 6
keV – 40 keV (normal) up to 60 keV – 70 keV. A Si double crystal was employed as
monochromator. 200 mm KBr mirrors are also used to focus the beam, from which the
beam size can reach as small as 4×5 m2. After the X-ray beam was focused, a flux of 5
× 1010 ph/s is obtained at the sample position. Such a small beam size and high energy at
the sample position allow the XRD measurement taken on different sample spots within a
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short accumulation time. A MAR345 imaging plate detector is also used to record the
diffraction patterns. In addition to the XRD technique, 16IDB also provides many
excellent technical supports such as the membrane and mechanical pressure control,
online ruby and Raman system, and offline alignments and Ruby system, which make
16IDB more efficient to conduct the high-pressure experiments.

2.4 Other characterization techniques
2.4.1 Powder X-ray diffraction
The powder X-ray diffraction facility in the Department of Earth Science was used to
examine the crystallinity of the as synthesized products. The X-ray diffraction facility has
a Rigaku X-ray diffractometer and uses the Co K- radiation as the X-ray source.

2.4.2 Scanning electron microscope (SEM)
SEM images were collected in the Nanofab at the University of Western Ontario using
the Leo-Zesis 1540XB FIB/SEM Crossbeam. The crossbeam combines a high resolution
SEM for imaging with a focused ion beam (FIB) for micromachining by sputter milling
with a sub-100 nm lateral resolution. The spatial resolution of the images can focus down
to 1 nm depending on the materials. The SEM system has two chambers, delivery
chamber and specimen chamber. Delivery chamber with a small volume is used to prevacuum before the sample is delivered to the specimen chamber, which can protect the
emission tip from repeated vacuuming. Upon evacuation, the sample is delivered to the
specimen chamber, and SEM images are collected. Our sample recovered from
decompression with the gasket was fixed to the sample stage and taken into the delivery
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chamber with a 10-6 mbar – 10-7 mbar vacuum. SEM images were collected under
different scales from μm to nm.
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Chapter 3 Conformational and Phase Transformations of
Chlorocyclohexane at High Pressure by Raman
Spectroscopy*

3.1 Introduction
Conformational and phase transformations as well as unusual chemical reactivities of
simple molecular species observed under high pressures have opened new avenues to
produce novel structures that are generally inaccessible at ambient condition.1 Pressure
can significantly alter the interatomic distances and thus the nature of intermolecular
interactions, chemical bonding, molecular configurations, crystal structures, and
stabilities of solids. With rapid advances in high-pressure techniques,2 it is feasible to
achieve a large compression of lattice, under which condition materials can be easily
forced into new physical and chemical configurations. High pressure thus offers
enhanced opportunities to discover new phases, either stable or metastable, and to tune
exotic properties in a wide range of atomic length scale, substantially greater than those
achieved by other thermal and chemical means.3 Recent studies show that high pressures
can essentially lead to physical and chemical changes of molecular solids and
modification of their chemical bonds to more delocalized states such as polymeric and
metallic phases.4 Even at moderate pressure region, e.g., < 20 GPa, rich conformational
and phase transformations have been observed in several simple molecular systems.5,6
For instance, we have recently reported a comprehensive analysis of structures of 1,2*

The content of this chapter has been published as: Dong Z., Beiby N. G., Huang Y., and Song Y., J.
Chem. Phys. C., 2008, 128, 125108
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dicholorethane, a simple organic molecule with interesting conformational properties at
high pressures using in-situ Raman spectroscopy.6
Similarly, halogen substituted cyclohexane represents another class of simple organic
molecules with stereoring structures that exhibit unique conformational behavior. At
ambient conditions, it has been well established that the “chair” isomer is
thermodynamically more stable than the “boat” isomer by 28 kJ/mol, resulting in the
chair isomer being the dominant conformation of cyclohexane.7 Depending on the spatial
orientation of the halogen atom with respect to the ring, for example, chlorocyclohexane
(CCH) exhibits two conformations, i.e., axial (a) and equatorial (e), as shown in Fig. 3.1.
The structures of CCH have been extensively studied in all gas, liquid, and solid phases
by vibrational spectroscopy.8-12 In gas, liquid, solution as well as amorphous solid phases,
CCH exists as equilibrium mixtures of a- and e-conformers with higher abundance of the
latter, while the crystalline phase consists only e-conformer. In addition, the
conformational equilibrium was found to change with solvents.13,14 As either reagent or
solvent, CCH has been widely used in many organic reactions, in which the
conformational equilibrium plays an important role in determining the product yield as
well as reaction kinetics. In addition, the halogenated carbon represents a reaction center
to produce stereoisomers as the result of a-/e-conformation. Therefore, conformational
study of this classical ring compound is of fundamental interest.
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Figure 3.1 Equatorial and axial conformers of CCH

More intriguingly, CCH exhibits rich temperature and pressure-induced polymorphs
especially in the solid phase. CCH was found to crystallize into a cubic phase at low
temperature and ambient pressure.15,16 Later on, Diky et al.17 reported a comprehensive
study of thermodynamic properties of crystalline CCH. They discovered that crystal I
phase, which consists of a mixture of a- and e-conformers, can be formed by cooling
down to 229 – 220 K. When CCH were further cooled to 217 and 206 K, two additional
solid-to-solid transitions were identified, resulting in the formation of crystals II and III
phases, respectively, both with e-conformation exclusively. It has been previously
reported that CCH can also form an amorphous phase at 90 K.10 Independent of
temperature tuning, pressure also played a significant role in forming new CCH phase.
Using a diamond anvil cell, Woldbaek reported infrared measurements of CCH at room
temperature up to 4 GPa.10 Detailed analysis indicates that a polycrystalline phase was
formed at high pressures and room temperature, which has only e-conformer.
Despite the numerous observations of new phases of CCH, no detailed crystallographic
structures have been determined due to the lack of high-quality single crystal X-ray data.
Furthermore, high pressure can often induce the same phases existing at low temperature
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as dictated by the phase diagram. However, for CCH low temperature so far has induced
many more new phases than observed at high pressures. Up to date, CCH has only been
investigated up to 4 GPa and no further high-pressure Raman measurements have been
conducted beyond this pressure. Moreover, the stability of molecules with ring
architecture upon extreme compression is of particular interest. An intriguing question is
whether the CCH ring will break down as many conjugated ring systems such as
benzene18,19 and furan20 at certain level of compression. Therefore, it is necessary to
extend the previous study to higher pressures to fully understand the structures and
properties of CCH. In this study, we report the in-situ Raman measurements of CCH at
high pressures up to 20 GPa, far beyond those previously achieved. Our objective is to
explore the unknown pressure domain which may provide important insight in the
interpretation of general behaviors of simple organic molecular solids under extreme
conditions. We observed rich pressure behavior of CCH and examined the reversibility of
phase transformations by both compression and decompression. These new observations
contribute to the understanding of high-pressure structures, stability, as well as
thermodynamic properties of CCH.

3.2 Experimental section
Pure CCH (99%) was purchased from Aldrich and used without further purification. In
the low pressure region, a lever-arm type DAC (purchased from High Pressure Diamond
Optics Inc.) equipped with type I diamonds with culet size of 650 m was used, which
allows the accurate control and fine increments of the pressure up to 4 GPa. Stainless
steel gaskets were predrilled with a hole of 250 m as the sample chamber. In the highpressure region, another symmetric piston-cylinder type DAC equipped with 400 m
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culet diamond anvils was used to achieve pressures up to 20 GPa. The samples were
loaded at room temperature as liquid with nominal pressure slightly above ambient. Then
the cell was carefully pressurized with small steps and allowed to stabilize for a few
minutes after each pressure change before Raman spectra were taken. A few ruby chips
as the pressure calibrant were carefully placed inside the gasket sample chamber before
the sample was loaded for pressure determination.21 For the entire pressure region, ruby
fluorescence spectra obtained on different ruby chips across the sample chamber indicate
no significant pressure gradient. Especially at the lower pressure region (e.g., < 10 GPa),
the ruby spectral profiles suggest no obvious nonhydrostatic effects. Therefore, no
pressure transmission media was used.
A commercial Renishaw Ramam spectrometer (model 2000) was used for pressure
determination and Raman measurements. This model is a compact laser Raman
microprobe capable of both spectroscopy and imaging. A HeNe laser with wavelength of
632.8 nm was used as the excitation source with an average power of several miliwatts on
the sample. A Leica microscope with objective lenses of multiple magnifications together
with other Raman optics enables measurements with backscattering geometry. An edge
filter is installed to remove the Rayleigh and anti-Stokes lines enabling a measurable
spectral range above 120 cm−1. The spectrometer is equipped with an imaging
spectrograph and a sensitive thermoelectronically cooled CCD detector allowing a
spectral resolution of 1 cm−1. Frequency calibration of the Raman spectrum was realized
using silicon and diamond standards achieving an accuracy of ± 0.5 cm−1. Due to the
strong T2g mode of type I diamond Raman signal at 1334 cm−1, the spectra were collected
in the ranges of 120 – 1300 and 2400 – 3300 cm−1. These frequency ranges covered
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almost all the Raman-active modes of CCH that are playing important roles in
characterizing the conformational and phase transformations. Pressure effects on CCH
were examined both in the compression and decompression directions. Experiments were
conducted up to 20 GPa and reproduced several times. All measurements were conducted
at room temperature.

3.3 Results
3.3.1 Raman spectra of CCH at ambient condition
Raman spectrum of liquid CCH was collected at ambient pressure and room
temperature as a starting point, which is depicted in Fig. 3.2 (a). The assignments are
labeled above each mode and also listed in Table 3.1 in comparison with previous
measurements under different conditions. Both axial and equatorial conformers have Cs
symmetry which thus results in 48 fundamental (of 27 A’ and 21 A” symmetries), all of
which are both Raman and IR active. We note that some vibrations, such as 24,  23,  22,
and 21 are observed in both a- and e-conformations but with drastically different
frequencies. The difference is indicated in parentheses in Table 3.1 and implied in the
context. As can be seen, almost all 48 Raman modes are observed, and their frequencies
are consistent with those previously reported under similar conditions. In the liquid
phase, CCH exists as a mixture of a- and e-conformers with the latter being the dominant
conformation.
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Figure 3.2 Raman spectra of CCH collected at (a) ambient pressure in comparison with
that (b) collected upon slight compression (0.03 GPa). CCH exists as a mixture of axial and
equatorial conformers with the latter dominant at condition (a) and thus the assignment
labeled above each Raman modes refers to equatorial conformation. Axial and equatorial
conformers share majority of common Raman modes and thus only those exclusively
associated with axial conformer are labeled in spectrum (b). The spectral region of 1300 –
2800 cm−1 is omitted due to the strong T2g Raman mode of diamond anvil and that only a
few insignificant Raman modes occur in that region.
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Table 3.1 Assignment of vibrational frequencies of observed Raman modes of
chlorocyclohexane at near ambient pressure and room temperature. Because of strong
Raman signal from the diamond anvils, the nearby modes (around 1330 cm-1) were not
observed or tabulated.
this work
0 GPa

0.03 GPa

liquid

151/181

145
201
258
286
339
438
473
513
560
682
729

823
855
895
921
997
1030
1058
1080
1134
1188
1220
1263

809
818
852
890
919
992
1030
1050
1075
1133
1185
1215
1262

145
200
260
287
341
437
473
513
560
687
732
790
809
819
853
890
922
995
1030
1052
1075
1132
1186
1216
1261

2864

2859

2861

2915

2903
2944

2908
2946

262
347
438
517

729
794

reference (cm-1)a
crystal
calculated
(90 K)
150/167
154
182
260
263
290
342
342
436
428
482
513
508
552
680
726
733
791
787
806
819
819
851
839
890
892
922
928
996
992
1028
1028
1053
1051
1076
1083
1133
1121
1186
1182
1218
1221
1261
1251
1245
2855
2853
2852
2851
2907
2914
2943
2922
2957
2956

assignmentb

description

27Aʹ
48Aʺ)
47Aʺ
26Aʹ)
25Aʹ
24Aʹ
24Aʹ)
23Aʹ
23Aʹ)
22Aʹ
22Aʹ)
45Aʺ
21Aʹ)
21Aʹ
20Aʹ
19Aʹ
43Aʹ
18Aʹ
17Aʹ
42Aʺ
41Aʺ
16Aʹ
39Aʺ
15Aʹ
14Aʹ
38Aʺ
6Aʹ
7Aʹ
31Aʺ
3Aʹ
2Aʹ
1Aʹ

C-Cl bend

Ring bend

C-Cl stretch
CH2 rock
Ring stretch
CH2 rock
Ring stretch

CH2 twist
and wag,
CH def

CH2 and CH
stretch

2958
Ref. 10
b
The Raman modes exclusively associated with axial conformation are denoted in parentheses.
Other assignments apply to both equatorial and axial conformers.
a
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3.3.2 Raman spectra of CCH on compression
When CCH is slightly compressed from ambient pressure to 0.03 GPa, dramatic
changes of the Raman spectrum are observed as shown in Fig. 3.2 (b). New bands at 201,
286, 560, 682, and 809 cm−1 with significant intensities are attributed to the respective
48, 26, 24, 23, 22, and 21 modes exclusively associated with a-conformation.
Simultaneously, peaks at 262, 438, 517, and 729 cm−1 due to the respective 47, 24, 23,
and 22 modes are depleted significantly, indicating these modes are mainly associated
with e-conformation. All other modes shift to low frequencies systematically by a few
wave numbers compared to the ambient pressure measurement. The two conformers of
CCH have the same symmetry with the only difference in the orientation of chlorine
atom. Thus, the shifts can be attributed to the con-formational difference between the
same modes involved rather than pressure effect, since the pressure difference of 0.03
GPa is negligible. All these observations indicate that the conformational equilibrium has
shifted from equatorial to axial significantly. Among these modes, 26, 24, 23, and 21
modes (286, 473, 560, and 729 cm−1), and particularly 22 mode (680 cm−1), which are
associated with carbon-chlorine stretching, can be used to monitor the abundance of axial
conformation quantitatively. When pressure is increased to 0.5 GPa, for instance, the
intensity of all these characteristic Raman modes increased significantly, indicating that
the equilibrium is further shifted to axial by pressure.
Instead of continuous enhancement, however, the above mentioned characteristic
modes of axial conformation suddenly disappeared completely when pressure is
increased to around 0.7 GPa (Fig. 3.3). In addition, the intensities of the Raman modes of
the lowest two frequencies (27 and48) are significantly depleted. In contrast, the modes
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associated with equatorial conformer, such as 45, 19, and 43 at respective 789, 891, and
923 cm−1 are markedly enhanced. The observation of such a discontinuity indicates a
complete transformation from a mixture of two conformers with axial being dominant to
pure equatorial conformation, concurrent to the phase transition from liquid to solid,
which is further confirmed by visual inspection under the optical microscope. This is
consistent with previous report that solid CCH is composed of equatorial conformers
only.8-12
The next transformation is observed when CCH is compressed to 2.4 GPa. The most
prominent evidence is the observation of the splitting of the 21 mode at 729 cm−1, which
appears with a shoulder and then evolves into a well resolved doublet at 4.8 GPa.
Furthermore, the Raman modes associated with C–H stretching in the high frequencies
(e.g., 2800 – 3000 cm−1) are significantly weakened by compression to 2.4 GPa, which
confirmed the phase transition around this pressure.
When pressure is elevated to 4.8 GPa, modifications of the Raman profile with new
features are observed in addition to the pressure induced frequency shift of all Raman
modes. Specifically, a new peak appeared in low frequency region at 142 cm−1, which is
likely associated with lattice vibrations. Another interesting observation is that in addition
to the continuing enhancement of 45, 19, and 43 modes, the relative intensities of the
21 and 20 modes exhibit a switchover at 4.8 GPa, below which 20 dominates but above
which 21 is much stronger. In addition to the splittings of the 22 mode, many other
modes also experienced significant splittings, such as 20, 17, and 42 modes. The high
frequency C-H stretching modes remain weak. All these observations suggest another
transition around 4.8 GPa.
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As the CCH is compressed to 10.1 GPa, all Raman bands become significantly broader
with low frequency modes greatly depleted. Simultaneously, many of the doublets start to
merge, such as the 22, 20, 17, and 42 modes. This trend is continuing with increasing
pressure up to about 20 GPa, the highest pressure of the present study, where the
spectrum displays a profile with broad bands with two strongest modes (25 and 22),
which are also the strongest observed at low pressures.
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Figure 3.3 Selective Raman spectra of CCH on compression in the pressure region of 0 – 14
GPa in the spectral ranges of 120 – 1300 and 3800 – 3200 cm-1. The relative intensities are
normalized and thus are directly comparable. The pressures in gigapasicals are labeled for
each spectrum. The spectra are offset vertically for clarity.
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Figure 3.4 Selective Raman of CCH on decompression from around 20 GPa all the way
down to ambient pressure. The relative intensities are normalized and thus are directly
comparable. The pressures in gigapascals are labeled for each spectrum. The spectra are
offset vertically for clarity.
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3.3.3 Raman spectra of CCH on decompression
The reversibility of pressure effect on molecular structures provides important
information on transformation mechanisms. Therefore, upon compression of CCH to the
highest pressure of 20 GPa, we conducted Raman measurements on decompression all
the way down to the ambient pressure. The spectra are depicted in Fig. 3.4. In general,
the change of Raman profile is very gradual with decompression. Not until 10.4 GPa, did
all the characteristic modes start to be observed. Compared to the compression data at
10.1 GPa (Fig. 3.3), a striking difference is the appearance of a new peak at 595 cm−1. In
addition, the 22 mode (at 743 cm−1) which appears as a doublet during compression
between 2.4 and 10.1 GPa seems to remain a singlet at all pressures during
decompression. Instead of being a branch of the doublet, the shoulder peak preceding the
22 mode at 10.4 GPa apparently evolves as an independent mode as pressure is further
released and is observed all the way down to 2.5 GPa. Furthermore, the relative
intensities of 21 and 20 modes are drastically different between compression and
decompression. During compression, the 21 mode remains dominant while the 20 mode
is always stronger or equally strong as 21 on decompressions until 2.5 GPa. In addition,
many doublet modes observed upon compression, such as 20, 17, and 42 modes, appear
as a broad singlet during decompression. For example, the most evident comparison can
be made between the decompression spectrum at 5.9 GPa (Fig. 3.4) with the compression
spectrum at 5.8 GPa (Fig. 3.3). In general, the decompression spectra are broader than the
compression spectra at corresponding similar pressures. Decompression spectra do not
exhibit clear low frequency lattice modes until 2.5 GPa. All these observations indicate
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that the structural transformations have certain hysteresis upon decompression and are
thus not completely reversible at the high-pressure region (> 2.5 GPa).
When pressure is released to 2.5 GPa, the Raman spectrum is more or less similar to
the one at 2.4 GPa upon compression, except for slightly different intensities as well as
the above mentioned new modes, which remains the most distinctive difference. Another
major difference is observed in the high frequency C-H stretching region where the
decompression spectrum showed three clearly resolved bands, in contrast to a broad
profile in the compression spectrum. When pressure is further released to 1.8 GPa, the
Raman pattern exhibits exactly the same features as the one at 1.4 GPa during
compression, indicating that the transformation at this pressure is completely reversible.
Further releasing the pressure to 0.4 GPa results in the Raman pattern exactly the same as
the one at 0.5 GPa during compression, which is attributed to the mixtures of axial and
equatorial conformations of CCH. Again, the transformation here is reversible.
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Figure 3.5 Pressure dependence of Raman shift of CCH on compression in (a) the ring bending and C–Cl stretching region (180 – 750
cm−1); (b) the ring stretching and CH2 rocking region (790 – 1100 cm−1); and (c) the CH2 twisting and wagging as well as the CH
deformation region (1050 – 1280 cm−1). Different symbols denote Raman modes with different origins. Open and closed symbols denote
axial and equatorial conformers of CCH, respectively. The solid lines crossing the symbols are based on linear fit. The vertical dashed
lines denote the proposed phase boundaries.

48

3.3.4 Pressure effect on Raman modes of CCH
Pressure dependence of selected Raman modes of CCH on compression is depicted in
Fig. 3.5 in the frequency region below 1300 cm−1. Since the C-H stretching modes at
2800 – 3000 cm−1 are observed clearly only below 2.4 GPa, they were not included in the
analysis here. The pressure dependences (d/dP) of selected Raman modes are listed in
Table 3.2 as well. In general, all Raman modes exhibit pressure induced blue shifts (with
only a few exceptions in the low pressure region as discussed below), consistent with that
the bonds become stiffened by pressure. However, at different pressure regions, the shift
rates are different, providing evidence for phase transformations.
The first phase transition corresponding to a fluid to solid transition occurs at about 0.7
GPa as indicated by the first vertical dashed line in Fig. 3.5. Below this pressure, the
CCH is composed of a mixture of a- and e-conformers. Most Raman modes associated
with a-conformer, such as the 26, 24, and 23 (ring bending) modes at respective
frequencies of 286, 473, and 560 cm−1 as well as the 22 (CH rocking) mode at 729 cm−1,
are fairly insensitive to pressure (i.e., d/dP≈0). Other modes, such as 48 and 21 at 201
and 809 cm − 1, shift with pressure more significantly. On the other hand, all modes
associated with e-conformer generally exhibit large, linear, and positive pressure
dependences except for the 22 and 19 modes, which have negative d/dP values (−1.4
and −0.4 cm−1 /GPa, respectively). At 0.7 GPa, all the characteristic a-conformer modes
(48, 26, 24, 23, and 22) disappeared abruptly, indicating that the solid phase is
exclusively e-conformer.
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Table 3.2 Pressure dependence of vibrational frequencies of major Raman modes
for CCH at room temperature. All the Raman modes monitored are associated with
the equatorial conformation. The modes for CH2 and CH stretching region (2800 –
3000 cm-1) are not tabulated since they are observed only in low pressure region (<
2.4 GPa).
(d/dp)(cm-1/GPa)
peak
origin
0 – 0.7 GPa
0.7 – 2 GPa
2 – 5 GPa
5 – 10 GPa > 10 GPa
(cm-1)
262
4.4
5.2
4.5
2.5
2.8
47
347
4.8
4.3
5.6
3.4
2.6
25
438
5.0
4.9
4.2
3.1
3.7
24
517
5.5
4.7
3.8
4.5
3.1
23
…
…
…
2.1
1.8
0.8
′22
729
-1.4
2.8
4.5
2.6
1.7
22
794
…
-1.0
2.4
2.2
1.9
45
823
4.5
5.8
5.6
3.5
2.6
21
855
1.0
3.2
2.2
1.7
1.3
20
895
-0.4
3.9
3.7
2.2
1.6
19
921
…
2.1
3.6
3.2
3.0
43
997
4.0
2.6
3.5
2.0
1.9
18
1030
5.1
8.0
1.7
2.3
2.4
17
…
…
…
…
3.0
2.9
′17
1058
1.7
2.0
1.5
…
…
42
1080
4.6
3.7
3.5
2.1
2.0
41
1134
1.5
2.4
1.7
1.1
1.1
16
1188
5.0
3.3
2.9
1.7
2.0
39
1220
1.2
2.5
1.5
1.4
1.6
15
1263
1.1
4.0
2.5
1.8
1.3
14,38
a
The assignments of the Raman modes are consistent with Table 3.1 except for ′22 and ′17, which
are new modes observed as a result of splitting of the ′22 and ′17 modes, respectively.
Raman
modea

The major evidence for the second phase transition around 2.4 GPa is the observation
of the splittings of 22 C-Cl stretching mode at 729 cm−1 into a doublet. Above 2.4 GPa,
the two branches of the doublet (labeled as 22 and ′22) exhibit different pressure
dependences with 4.5 versus 2.1 cm−1/GPa. All other modes have similar pressure
dependences across the transition boundary around 2 GPa with two exceptions: (1) the
45 mode has a negative d/dP below 2.4 GPa, which becomes positive above 2.4 GPa;
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and (2) the 17 mode has a much larger pressure dependence (8.0 cm−1/GPa) below 2.4
GPa than above (1.7 cm−1/GPa). These observations, together with the weakening and
disappearance of C-H stretch modes at 2859, 2903, and 2944 cm−1 (not shown in Fig.
3.5), clearly confirm the phase transition.
For the phase between 5 and 10 GPa, all Raman modes exhibit smooth pressure shifts
and similar shift rates as those for the phase between 2 and 5 GPa. As described
previously, however, several modes exhibit significant splittlings in this pressure region,
such as 22, 20, 17, and 42 modes, although not all of them are plotted in Fig. 3.5 for
clarity purpose. The most distinctive discontinuity is the abrupt disappearance of 42
modes above 5 GPa. These features label the second solid-to-solid transition at this
pressure. The last transition at around 10 GPa is characterized with much less prominent
changes of pressure dependences than the previous several transition pressures.

3.4 Discussion
Quantitative analysis of conformational equilibrium of CCH at low pressure region has
been addressed by both IR spectroscopy in a solution13 and Raman spectroscopy as a pure
substance.11 By monitoring the relative intensities of the respective 22 modes at 682 and
729 cm−1 associated with axial and equatorial conformations, the equilibrium constant K
and volume difference V between the two conformers at certain pressures can be related
by eq. 3.1.

  ln K 
V   RT 

 P T

(3.1)
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where T is the temperature, R the gas constant, and K can be evaluated by the ratio of the
integrated intensities of the two modes.6,11 The volume difference V between the two
conforms was determined to be −2.33 cm3 mol−1 by Gardiner, in contrast to that by
Christian who reported −1.87 cm3 mol−1, but the latter was obtained in carbon disulphide
solution.13 Based on our measurement, we determine the V to be −2.2 cm3 mol−1 for pure
CCH, closer to that by Gardiner as expected.
Studies of volume difference between conformers have been carried out in several
other systems under various pressures, temperatures, as well as solvent conditions. For
instance, Gardiner conducted a similar study on bromocyclohexane and reported a similar
V value (−2.2 cm3 mol−1) between the axial and equatorial conformers.22 For different
molecular systems, the relative magnitude of V values derived under different
conditions (e.g., as a pure substance versus in solutions) is strongly contrasting. In our
previous high-pressure Raman study of 1,2-dichloroethane, we found the V that value
between trans and gauche conformers of pure substance (0.58 cm3 mol−1) is much
smaller than in solutions (1.8 – 4.5 cm3 mol−1),6 in contrast to those for CCH where V
value in solution is smaller. It has been known that several factors, such as orientation of
the substituent, inter-molecular interactions, as well as relative packing efficiency,
strongly affect the volume difference between the two conformations.22 Therefore, the
combination of different conditions (pressure, temperature and use of solvent with
different polarities) will contribute differently to the V values between two conformers
with very different structures. Apparently, the larger volume difference between two
conformers observed in pure CCH indicates that one or more of the three factors are
manifested more than in solutions.
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Based on the high-pressure Raman measurements, the first solid phase exists between
0.7 and 2.4 GPa. This solid phase consists of equatorial conformer exclusively, consistent
with previous studies conducted at room temperature and high pressure where CCH
forms a polycrystalline phase when compressed up to 4 GPa from liquid.10 It is well
known that high pressure and low temperature generally result in the formation of phases
with the same crystalline structure. In an IR study of CCH at ambient pressure and low
temperatures,17 however, the first crystalline phase (crystal I) which was formed by
cooling the liquid to 224 K consists of a mixture of axial and equatorial conformers
instead of pure e-conformer observed as the first solid phase here. Crystal I phase
remains stable between 220 and 229 K. Therefore, our observation of systematic absence
of characteristic Raman modes associated with axial conformer indicates that the first
solid phase of CCH induced by pressure is different from that induced by temperature
and is possibly a polycrystalline phase as reported by Klaeboe and Woldbaek.8,10 The
sharp Raman profile characterized by very narrow bandwidth (e.g., 25 and 22 modes)
together with the complete phase trans-formation is consistent with the formation of a
crystalline structure under a near perfect hydrostatic condition. However, the detailed
structure of this polycrystalline phase has not been characterized by X-ray diffraction to
date.
The next solid-to-solid phase transition is observed at 2.4 GPa, which is evidenced by
the splitting of 22 mode at 729 cm−1 and the disappearance of C-H stretching modes at
high frequencies. The splitting and disappearance of certain modes can be interpreted as
enhanced intermolecular interactions within the same crystal structure. First of all, the
splitting indicates that there are at least two molecules per unit cell in this phase. Pressure
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induced splitting of Raman modes have been observed in many other molecular solids.5,6
In addition, dramatic change of the Raman intensity of C-H stretching mode suggests that
solid CCH is highly compressible in this pressure region as characterized by much
shorter intermolecular distance and smaller molecular volume. As a result, the
polarizability of symmetrical stretching and other vibrations associated with a significant
change of volume is reduced by the application of pressure and thus their intensities are
markedly lowered.11
The phase change above 4.8 GPa can be consider as a continuation of enhanced
intermolecular interaction as a result of compression. The lack of sharp changes of
Raman profiles indicates the transition may involve mixed phases. In addition to the
complete deconvolution of the 22 mode, new splittings are observed for many other
modes. Furthermore, a new lattice mode was observed. Due to use of an edge filter of our
Raman spectrometer, low frequency modes below 120 cm−1 cannot be recorded from the
spectrum. Thus the observation of this mode could be due to either the pressure induced
blue shift of a mode below 120 cm−1 or a new lattice mode as a result of the formation of
a new phase. Most significantly, all the Raman modes exhibit a distinct break in their
pressure dependences at this pressure. Therefore, all these observations warrant a phase
transition with significantly different molecular orientations within the unit cell. The
observation of the lattice mode indicates that the ordered crystal phase is stable up to 9.5
GPa. In Diky’s low-temperature IR study, two additional solid phases are observed when
temperature is lowered below 220 K.17 The phase observed at 217 K has a dramatically
different IR pattern than that above 220 K in that the two strong bands at 480 and 556
cm−1 observed at 220 K completely disappeared at 217 K. Since we did not observe any
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significant change of Raman patterns at either 2.4 or 4.8 GPa, the new phases formed at
low temperatures (< 220 K) likely are different from those observed around 2.4 and 4.8
GPa and room temperature.
The phase above 10.1 GPa is characterized with broad or convoluted profiles for all
Raman modes. Together with the disappearance of the lattice modes, the phase can be
interpreted as undergoing a gradual transition to a disordered structure or amorphous
phase. Similar features have been observed in 1,2-dichloroethane when pressure is
elevated above 9 GPa.6 Although pressure gradient as a result of non-hydrostatic
condition may contribute to the profile broadening, the sudden increase in the bandwidth
of several modes (e.g., 47 and 25) from 9.5 to 10.1 GPa signifies the phase transition.
Beyond 10.1 GPa, the profile broadening may be associated with the combination of
structural disordering and increasing pressure gradient. At the highest pressure of the
present study, the Raman band maintained a similar profile with dominant characteristic
Raman modes of 25 and 22, indicating the six-member ring although highly distorted,
still maintains its molecular identity.
The distinctive pressure dependence of all Raman active modes in different pressure
regions provides further evidence of phase transitions discussed above. Although the
crystal structures of CCH and thus the equation of states characterized by bulk moduli are
still unknown, the pressure dependence of most of the Raman modes provides insight on
the compressibilities of CCH in different phases. From Fig. 3.5 and Table 3.2, the
majority of the Raman modes exhibits the largest d/dP values below 2 GPa (and
especially for the phase between 0.7 and 2 GPa), while those above 5 GPa become
significantly smaller, especially beyond 10 GPa. These observations indicate that CCH is
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more compressible at low pressures less than 2 GPa but relatively less compressible
above 10 GPa. The greater compressibility at lower pressure regions is consistent with
the general understanding that intermolecular distances are more sensitive to compression
and thus make a major contribution to the reduction of the volume.23
The most interesting observation is the partial reversibility upon decompression. The
decompression measurements reveal a large pressure hysteresis in the high-pressure
region above 10 GPa as characterized by the much broader spectral profile upon
decompression than compression. Between 10.4 and 2.5 GPa, two new peaks (595 and
711 cm−1 at 10.4 GPa or 573 and 697 cm−1 at 2.5 GPa) are observed in all the
decompression spectra, indicating that the phases formed in this pressure region by
decompression are different than those produced by compression. Careful examination of
these two new peaks indicates that the frequencies are close to the characteristic 23 and
22 modes of axial conformer. Although other modes associated with axial conformer
were not observed, it is plausible to conclude that the phases in this pressure region
formed by decompression have the CCH molecules adopting both equatorial and axial
conformation. The relative intensity of these two new modes in this pressure region is
much smaller than in the liquid phase, indicating that the relative abundance of axial
conformation is small. When pressure is further released, the transformation to the first
solid phase as well as to the liquid phase is completely reversible as evidenced by almost
identical Raman patterns regardless via compression or decompression. The
decompression experiment further established that the ring of the CCH sustained
compression up to 20 GPa.
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It is intriguing that the high-pressure region exhibits hysteresis and partial reversibility.
Similar phenomenon was also observed in the low pressure region by Klaeboe.8 CCH was
found to form a polycrystalline phase at about 4 GPa. By carefully releasing pressure
followed by gradual compression, a single crystal can be easily grown. On the other
hand, considerable “super-pressing” results in the spontaneous formation of
polycrystalline phase which can be released to 2 – 2.5 GPa without forming single
crystals. All these observations indicate the formation of different phases of CCH is
highly P-T path dependent. It has also been reported that several organic solids can form
the so called plastic crystals which are characterized with high plasticity in contrast to
“normal” organic crystals, which have hard lattice structures and sharp phase transition
boundaries.24 For example, the unsubstituted cyclohexane is a well known plastic crystal
at −87 °C and melts at 6 °C.25 Therefore, the observed pressure hysteresis and partial
reversibility between compression and decompression may be associated with the
intrinsic nature of the plasticity of CCH. As plastic crystals have many applications,
further detailed structural characterization of CCH at high pressures and different
temperatures using more direct probes, such as x-ray diffraction, would be of
fundamental interest.

3.5 Conclusions
We conducted in-situ Raman measurements on CCH at room temperature and high
pressures up to 20 GPa on both compression and decompression. Below 0.7 GPa, CCH
exists as a fluid phase with a mixture of axial and equatorial conformations in
equilibrium, which is shifted to axial upon compression. The shift was attributed to the
smaller volume of axial conformer with a volume difference of −2.2 cm3 mol−1 compared

57

to equatorial conformation, consistent with previous studies. When pressure is increased
to 2.4 GPa, splittings of the 22 mode as well as the depletion of C–H stretching mode at
high frequency indicate a phase transition. The splittings are further enhanced at 4.8 GPa
together with the observation of a new lattice mode, suggesting another phase transition.
These phases are compared with previously observed phases at low temperatures, which
indicates that high-pressure phases are likely different from the low-temperature phases.
Compression beyond 9.5 GPa results in significant broadening of Raman profiles,
indicating that CCH is undergoing gradual disordering at high pressures. The six-member
ring is found to sustain high pressures up to 20 GPa and CCH is fully recoverable upon
releasing of pressure. However, the observation of two new modes upon decompression
indicates that phase transformation of CCH is partially irreversible at high pressures
above 2.5 GPa. The phase formed by decompression is found to have a contribution from
axial conformation of CCH. The partial irreversibility or pressure induced hysteresis is
attributed to the plastic nature of the CCH crystals.
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Chapter 4 Effects of High Pressure on Azobenzene and
Hydrazobenzene Probed by Raman Spectroscopy*
4.1 Introduction
Molecular solids are soft materials that are subject to conformational change, phase
transitions, or chemical transformations upon the application of external pressures.1-3
Compression can effectively shorten the intermolecular and intramolecular distances,
thus subsequently causing reversible or irreversible modifications in the molecular
structures and associated electronic, optical or mechanical properties.4 Therefore,
pressure provides an excellent tool to produce new materials even starting from simple
molecular solids, especially those with unsaturated bonds or conjugate ring structures.5
For example, pressure-induced transformations have been reported for butadiene,
benzene, furan, thiophene, pyridine and other aromatic derivatives.6-12 As the most basic
aromatic system, in particular, benzene was found to undergo a series of pressure-induced
phase transitions up to 30 GPa, beyond which pressure-induced structural amorphization
was observed.9-12 More recently, pyridine was reported to undergo a similar pressureinduced transformation sequence as benzene in a similar pressure region.6 These
pressure-induced products are interesting from a technological point of view because of
their unique properties desirable for possible applications in optics, electronics,
mechanics and even as coating materials for biomedical applications.11 So far,
unsaturated hydrocarbons represent a major class of materials of interest for which
*

The content of this chapter has been published as: Dong Z., Seemann M. N., Lu N., and Song Y., J. Phys.
Chem. B, 2011, 115, 14912.
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different reactivities of the  bonds under compressions critically influence the reaction
pathways and, thus, the products.13-15

b

a

N

N

HN

NH

Figure 4.1 The molecular structures of trans-azobenzene (a) and hydrazobenzene (b).

Azobenzene (AB) is a conjugate aromatic molecule with two phenyl rings attached to
an azo group (Fig. 4.1a). Due to its unique photochromic properties, azobenzene has been
used as a moiety embedded in organic or biological macromolecules such as proteins and
nucleic acids to provide special photo-functionality.16 Moreover, based on its reversible
trans-cis coupled photochemical and electrochemical isomerization,17-19 azobenzene has
been extensively studied as a photoswitch in numerous molecular systems and functional
materials for applications such as high-density information storage.20 Because the energy
difference between the trans- and the cis- conformers is relatively small (i.e., 15 kcalmol1

or 0.6 eV), a visible photon can easily induce an electronic excitation via either the

n* or the * pathways, a topic under intense experimental and theoretical
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investigations.17,18,21,22 The strong activities associated with  electrons make azobenzene
an interesting system for the examination of the combined pressure-photon effects based
on the fact that both pressure and photon can effectively induce electronic excitations and
thus subsequent structural transitions.5 In parallel, high-pressure effects on phenyl rings
have been studied in a wide variety of aromatic systems in a broad pressure range. Since
the N=N bond constitutes the conjugation center of azobenzene, it is expected to play a
vital role responsible for the entire property of azobenzene regardless of the bulky phenyl
substituents. To examine the importance of total conjugation to the properties of
azobenzene, a high-pressure study of another similar molecule, hydrazobenzene (HAB)
(Fig. 4.1b) with a broken conjugation along the N-N bond, may help to understand the
isolated pressure effect on the phenyl rings and the nitrogen-nitrogen bond.
Here we report a comparative study of azobenzene and hydrazobenzene under high
pressures of up to ~ 28 GPa by in-situ Raman spectroscopy. Our results suggest strongly
contrasting high-pressure behaviors between these two compounds. Moreover, a study of
the high-pressure effect on N=N and N-N bonds may provide valuable insight into the
development of high energy density materials that contain singly bonded nitrogens.23

4.2 Experimental section
Both azobenzene (96%) and hydrazobenzene (99%) were purchased from Aldrich and
were used without further purification. Azobenene appears as orange crystals whereas
hydrazobenzene is mostly colorless and transparent. A symmetric diamond anvil cell with
a pair of type Ia diamonds with a 400 m culet was used. A hole with a diameter of 150
m was drilled in a stainless steel gasket as the sample chamber. A few ruby chips were
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inserted in the sample chamber for pressure calibrant using the ruby fluorescence
method.24 25 No pressure transmitting medium was used for either sample.
In-situ high-pressure Raman measurements were carried out using a customized Raman
micro-spectroscopy system. A He-Ne laser with a wavelength of 632.8 nm was used as
the excitation source. The Raman system was equipped with an Olympus microscope,
which can focus the laser to less than 5 m dameter on the sample. The laser power
measured on the sample was less than 5 mW. The Raman system adopeted a
backscattering geometery, and the scattered light was dispersed using an imaging
spectrograph equipped with a 1200 lines/mm grating, achieving a resolution of 0.2 cm-1.
The system was calibrated using neon lines with an uncertainty of ±1 cm-1. An edge filer
was installed to remove the Rayleigh and anti-Stokes lines enabling a measurable range
above 100 cm-1. The Raman signal was then recorded using an ultrasensitive liquidnitrogen-cooled, back-illuminated CCD detector from Acton. The Raman spectra were
collected in several spectral windows to cover the entire region of interest (i.e., 100 –
3500 cm-1) and to avid the interference from the dominant diamond Raman band at ~
1340 cm-1. During data acquisition, all parameters (e.g., laser power, accumulation time,
etc.) were kept the same, such that the Raman intensities from different spectra were
qualitatively comparable and, thus, were normalizable. All Raman measurements were
conducted at room temperature and were reproduced several times.
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4.3 Results and discussion
4.3.1 Raman spectra of AB and HAB at ambient pressure
The Raman spectra of both azobenzene and hydrazobenzene at ambient condition are
shown in Fig. 4.2. Azobenzene adopts the trans-configuration as the more thermally
stable form with the two phenyl rings on opposite sides of the N=N bond thus exhibiting
a C2h symmetry (Fig. 4.1a). Therefore, a total of 66 normal vibrational modes, out of
which 33 are Raman active (10 Bg, out-of-plane and 23 Ag, in-plane modes), are expected
for a single azobenzene molecule.26,27 Solid azobenzene is known to have a monoclinic
crystal structure with a space group P21/a and Z=2,21 and thus 66 Raman-active modes
are predicted. In our Raman measurements, however, only 18 modes were observed
indicating that the magnitude of the correlation field splitting was small and cannot be
observed with the current experimental set up. The assignment of each Raman mode is
listed in Table 4.1 in comparison with previous studies of azobenzene in the transconfiguration. As can be seen, our Raman measurements agree with those obtained in
both the theoretical and experimental studies.18,26,28,29 Hydrazobenzene does not exhibit a
significant molecular symmetry due to the free rotation along the N-N bond and thus all
vibrational modes are Raman-active. However, due to the very similar molecular skeleton
to azobenzene, hydrazobenzene has a very similar Raman spectrum correspondingly,
except that most Raman modes of hydrazobenzene shift to lower frequencies due to the
replacement of the N=N bond by the N-N single bond. The Raman peaks for
hydrazobenzene in this study are therefore assigned by adopting the assignment for
azobenzene without rigor (with the corresponding Raman modes labeled by a prime), due
to the lack of assignment from previous studies. In the Raman spectrum for
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hydrazobenzene, the bands at 3329 cm-1 and 1027 cm-1 are assigned as the N-H and N-N
stretching vibrational modes, respectively, while the band observed at 845 cm-1 is
assigned as the H-N-N-H bending mode.

9



Intensity (arb. unit)




(a) Azobenzene

L1 L
2

'10

'17


 
L'


 



1-5

'22
400

'21 '
28
600

800

'9 '
6
'8





'23

6



(b) Hydrazobenzene

200

8

1000

'14

'13

1200

15001650

'1-5



3150 3500

Raman Shift (cm-1)

Figure 4.2 Raman spectra of azobenzene (a) and hydrazobenzene (b) collected at ambient
conditions. The two spectra are offset vertically for clarity. The spectral region of 1250 –
1400 cm-1 is omitted due to the strong T2g Raman mode of the diamond anvils.
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Table 4.1 Assignment and frequencies (cm-1) of observed Raman internal modes of
azobenzene (AB) and hydrazobenzene (HAB) in comparison with references.
this work
reference
Raman
assignmentb
calculationc experimentald
AB
HAB
a
mode
N-H stretching
3329
N-H
ν1 (Ag)
phenyl C-H stretching
3221
3085
ν2 (Ag)
phenyl C-H stretching
3210
3073
ν3 (Ag)
phenyl C-H stretching
3197
3066
3074
3058
ν4 (Ag)
phenyl C-H stretching
3187
3060
ν5 (Ag)
phenyl C-H stretching
3178
3044
ν6 (Ag)
phenyl C-C stretching
1622
1591/1595
1601
1607
ν7 (Ag)
phenyl C-C stretching
1614
ν8 (Ag)
Azo stretching
1519
1491/1443
1502
1491
ν9 (Ag)
Azo stretching
1504
1470/1493
1480
1471
ν10 (Ag)
Azo stretching
1450
1440/1473
1440
ν11 (Ag)
phenyl C-H bending
1395
1312/1379
ν12 (Ag)
phenyl C-H bending
1368
1315
ν13 (Ag)
phenyl C-H bending
1235
1185/1184
1194
1176
ν14 (Ag)
phenyl C-H bending
1226
1155/1158
1168
1147
ν15 (Ag)
C-N bending
1195
1143/1146
1157
ν16 (Ag)
phenyl C-C stretching
1110
1068/1071
1033
N-N stretching
1027
N-N
ν17 (Ag)
phenyl C-H bending
1047
1021/1023
1013
992
ν18 (Ag)
phenyl C-H bending
1024
1000/1003
998
ν19 (Ag)
C-N bending
933
914/913
931
H-N-N-H bending
845
N-H
ν20 (Ag)
C-N bending
691
667/670
682
ν21 (Ag)
phenyl C-H bending
634
611/614
623
613
ν22 (Ag)
C-N bending
307
324
313
ν23 (Ag)
C-N bending
226
235
196
219
ν24 (Bg)
phenyl C-H wagging
857
968
ν25 (Bg)
phenyl C-H wagging
851
967/938
ν26 (Bg)
phenyl C-H wagging
825
935
ν27 (Bg)
phenyl C-H wagging
778
834/836
ν28 (Bg)
phenyl C-H wagging
702
773/755
770
765
ν29 (Bg)
phenyl C-H wagging
444
430
ν30 (Bg)
phenyl C-H wagging
400
ν31 (Bg)
phenyl C-H wagging
381
406/403
ν32 (Bg)
phenyl flags
213
218/251
269
ν33 (Bg)
phenyl flags
-85
a
The symmetry in the parentheses refers to azobenzene only while the mode numbering applies to
both compounds (i.e., with the prime omitted for hydrazobenzene). b Refs. 26 and 27. c Ref. 26.
d
Frequencies in regular font are from Ref. 28 while those in italics are from Ref. 29.
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4.3.2 Raman spectra of AB upon compression and decompression
Selected Raman spectra of azobenzene collected upon compression at pressures of up
to 17.8 GPa and followed by decompression are shown in Fig. 4.3. As the pressure
increased, all the Raman bands shifted progressively toward higher frequencies
accompanied by peak broadening. Other than the blue shift, all the internal modes (> 200
cm-1) maintained the ambient-pressure Raman profile until 10.4 GPa, indicating that the
azobenzene molecular structure was stable below 10.4 GPa. Compression beyond 10.4
GPa resulted in the dramatically reduced intensity of all the internal modes with the
Raman modes below 1000 cm-1 being significantly depleted. Concurrently, two new
bands at 565 cm-1 and 733 cm-1 became prominent at pressures above 10.4 GPa (Fig.
4.3). These two bands appeared to be even more intense with increasing the pressure up
to 16.0 GPa. In addition, the triple peaks initially located at 1160 cm-1 eventually merged
to a single broad peak at this pressure. Finally, all Raman peaks vanished at the highest
pressure achieved in this study for azobenzene (i.e., 17.8 GPa). The featureless Raman
profile at high pressures suggested that azobenzene had undergone a major structural
modification.
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Figure 4.3 Selected Raman spectra of azobenzene collected along a compressiondecompression cycle at room temperature in the region of 100 – 1700 cm-1. The relative
intensities are normalized and thus are directly comparable. The pressures in gigapascals
are labeled for each spectrum. The vertical long arrow on the right shows the sequence of
the compression. Two red arrows indicate new peaks appearing at high pressures. The
spectra are offset vertically for clarity.
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Consistent with the high-pressure behavior of internal vibrational modes, the external
modes (< 200 cm-1) also shifted to a higher frequency upon compression, but were more
prominently accompanied with major changes of the lattice profile. For instance, a new
lattice mode at 148 cm-1 was observed at 3.6 GPa. All the lattice modes sustained up to
10.4 GPa and completely vanished beyond this pressure (Fig. 4.3). The disappearance of
external Raman modes strongly suggests a structural amorphization at pressure of 10.4
GPa, whereas the complete destruction of all Raman modes at 17.8 GPa can be attributed
to a chemical transformation. Upon releasing the pressure, no Raman mode was
recovered indicating that the pressure-induced transformation at 17.8 GPa was
completely irreversible.

4.3.3 Raman spectra of HAB on compression and decompression
Selected Raman spectra of hydrazobenzene on compression and decompression are
shown in Fig. 4.4. Upon compression, the internal modes shifted to a higher frequency
accompanied with peak broadening, similar to those observed in azobenzene. However,
the Raman spectrum did not change significantly with pressures of up to 9.3 GPa. The
most noticeable change was that two lattice modes at 168 cm-1 and 229 cm-1, which were
first observed at 3.5 GPa and then vanished at 9.3 GPa, suggesting the possible distortion
of the molecular crystal lattice. Above 9.3 GPa, some internal modes below 1000 cm-1
disappeared. This observation further indicates the pressure-induced structural disorder
and the eventual amorphization upon compression above this pressure. Concurrently, two
new bands at 551 cm-1 and 712 cm-1 were observed above this pressure, which were also
found in azobenzene upon compression, indicating the enhanced intermolecular
interactions due to the smaller intermolecular distances.
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Figure 4.4 Selected Raman spectra of hydrazobenzene collected along a compressiondecompression cycle at room temperature in the region of 100 – 1700 cm-1. The relative
intensities are normalized and thus are directly comparable. The pressures in gigapascals
are labeled for each spectrum. The long arrows represent compression and decompression
sequence in black and red, respectively. Two short arrows (red) show new peaks appeared
at high pressures. The spectra are offset vertically for clarity.
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However, the most dominant Raman modes of hydrazobenzene could still be observed
easily (e.g., at 1020 cm-1) at the highest pressure achieved in this study (i.e., 27.8 GPa), in
strong contrast to azobenzene.
Upon decompression, most Raman modes of the hydrazobenzene followed a similar
backward pressure sequence as upon compression. In particular, the two new bands
observed above 9.3 GPa on compression as transient bands disappeared at 4.7 GPa during
decompression. When pressure was released to ambient, we were able to recover the
Raman spectrum of hydrazobenzene that was almost identical to that observed before
compression in the entire spectral region, indicating that the phase transformation
observed in hydrazobenzene was totally reversible.
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Figure 4.5 Pressure dependence of the Raman modes of azobenzene on compression. Solid
straight lines are linear fits to the data. The vertical dashed line denotes the suggested
transition boundary. Different symbols denote different Raman modes with assignment
labeled.
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4.3.4 Pressure effects on Raman modes of AB and HAB
Pressure dependences of selected Raman modes of azobenzene and hydrazobenzene on
compression are depicted in Figs. 4.5 and 4.6, respectively. Since the C-H stretching
modes of azobenzene at 2800 – 3200 cm-1 were clearly observed only below 3.5 GPa,
they are not included in the analysis here. The pressure dependences (d/dp) of the
selected Raman modes are listed in Table 4.2 as well. In general, all Raman modes
exhibit pressure-induced blue shifts except the N-H stretching bond of hydrazobenzene as
discussed below, consistent with that the bonds become stiffened by pressure. However,
in different pressure regions, the shift rates are different, providing evidence for phase
transformations.
A possible solid to solid phase transition occurs at about 10.0 GPa in azobenzene as
indicated by the vertical dashed line in Fig. 4.5. Below this pressure, Raman modes in the
low frequency region, such as the phenyl flag mode (32) and the lattice modes (L1, L2,
and L3), are more sensitive to pressure suggested by the relatively larger pressure
coefficients (d/dP), in contrast to the internal Raman modes in the higher frequency
region (> 600 cm-1) as summarized in Table 4.2. Similarly, the vertical dashed line in Fig.
4.6 denotes the phase transition boundary in hydrazobenzene at about 10.0 GPa. The
lattice mode (L′ at 121 cm-1) and the C-N bending mode (′23 at 196 cm-1) are highly
sensitive to compression with the largest pressure coefficients of 14.5 cm-1/GPa and 11.6
cm-1/GPa, respectively. Moreover, most Raman modes show a positive slope below 10
GPa except the N-H stretching mode at 3329 cm-1, which has a strongly negative slope
(i.e., - 8.3 cm-1/GPa). The mode softening in this case can be interpreted as the N-H bond
weakening as a result of the formations of hydrogen bonding with neighboring N-H
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bonds during the compression. In addition, most Raman modes had generally larger
slopes (i.e., > 2 cm-1/GPa) before the phase transformation than those after (i.e., < 0.5 cm1

/GPa), indicating a smaller compressibility for HAB in the higher pressure region as a

result of denser molecular packing upon compression.
Table 4.2 Pressure dependence d/dP (cm-1/GPa) of Raman modes of azobenzene
and hydrazobenzene.
azobenzene
Raman frequency
0 - 10
10 - 16
Raman
mode
(cm-1)
GPa
GPa
modeb
ν6
1590
3.1
2.4
N-H, 
ν8
1483
2.2
ν'6
ν9
1460
2.3
2.6
ν'13
ν13
1182
4.5
ν'14
ν14
1156
4.9
6.3
N-N, 
ν15
1142
3.7
3.6
ν'17
ν17
998
2.8
- 0.2
N-H, 
ν21
605
0.8
ν'28
243
5.6
ν'21
32
235
4.8
ν'22
23
L3
183a
12.5
ν'23
L2
135
9.8
L'
L1
98
10.3
a
Observed at 3.6 GPa. b Subscript : stretching; δ: bending.

hydrazobenzene
frequency
0 - 10
(cm-1)
GPa
3329
- 8.3
1607
2.8
1176
4.8
1147
3.0
1027
5.1
992
2.8
845
2.7
765
- 0.4
613
1.4
313
5.4
196
11.6
121
14.5

10 - 28
GPa
0.1
0.2
0.5
0.1
0.2

0.4

4.3.5 Discussion
Although both azobenzene and hydrazobenzene underwent a pressure-induced
structural transformation at the same pressure of around 10.0 GPa, the nature of the
transformation was drastically different. In particular, the transition of azobenzene was
initiated by structural disorder at 10.0 GPa followed by complete amorphization above
17.8 GPa as evidenced by the disappearance of all the characteristic Raman modes. The
irreversible amorphization suggests that the transformation was chemical in nature,
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possibly via a polymerization process, resulting in highly disordered cross-linked
structures. Such a chemical transformation was accompanied by the striking change in
the physical appearance of the sample: the original transparent orange crystals turned
completely gray and sooty upon compression, and the gray sample showed no change
after the pressure was completely released. Pressure-induced amorphization has also been
reported in other organic molecular crystals such as benzophenone30 at 11 GPa and
hexanmethylenetetramine31 at 15 GPa. In addition, interesting transformations that are
believed to involve the formation of a polymerized phase were also observed in
acetophenone azine, which has a similar structure as azobenzene.32 From the highpressure Raman spectra, we suggest that the polymerization occurs involving the entire
molecule instead of the preferential transformation of the N=N double bond to the N-N
single bond. This was evidenced by the absence of the N-N characteristic vibrational
frequency at 1023 cm-1, which would have been observed if the N=N double bond were
to be converted to a N-N single bond, and the fact that the azo stretching modes (e.g., 8
and 9) responded to compression concertedly with those of the phenyl ring vibrations
(e.g., 6 and 16) in the polymerization process.
More detailed polymerization mechanisms can be understood in parallel with benzene,
the basic building unit of azobenzene. Similarly, benzene was reported to polymerize or
amorphize by compression but at a much higher pressure (i.e., > 30 GPa) by Ciabini et
al.11,12 Their studies suggest that when a threshold distance (2.6 Å) between two carbon
atoms on adjacent benzene rings is reached by compression, the polymerization process
can be triggered by fluctuations in the atom positions that are caused by thermal
vibrations. Theoretical calculations of the process indicate large fluctuations on a
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femtosecond timescale occurring in the electron density distribution between newlybonded atom pairs.11 These extremely fast charge fluctuations propagated throughout the
compressed benzene lattice and resulted in the formation of an amorphous network of
linked carbon rings. Considering azobenzene as an extended aromatic system of benzene
rings, the polymerization may occur in a similar manner, except that the threshold
pressure is much lower for bulkier monomers.
In contrast, hydrazobenzene is much more stable under high pressure. The irreversible
phase transition is physical rather than chemical, i.e., it is characterized by the distortion
rather than the destruction of the skeleton of molecules under high pressure. Instead of
having a planar configuration reinforced by the N=N double bond in azobenzene,
hydrazobenzene contains only a N-N single bond, which allows the free rotation of the
two phenyl rings along the N-N axis. Thus, the net pressure effect on hydrazobenzene can
be understood as being the modification of the molecular conformation that takes place
before a polymeric reaction involving the phenyl ring occurs. This pressure-induced
conformational change accompanied with structural disordering has been observed in
other smaller molecular crystals.1
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Figure 4.7 The frontier orbitals, i.e., HOMO (top row) and LUMO (bottom row) orbitals of
azobenzene (left column) and hydrazobenzene (right column) calculated at the B3LYP/6311+G(d,p) level of theory. An arbitrary isosurface value was used for all the plots.

From the above comparisons, it is therefore easy to understand why the two hydrazine
derivatives behave so differently under high pressure. It is the complete conjugate
electronic configuration of azobenzene that makes the entire molecule subject to crosslinking, whereas hydrazobenzene behaves almost equivalently like independent benzene
rings. We therefore speculate that upon compression to a higher pressure (e.g., > 30
GPa), similar irreversible transformations may be observed as those for benzene. To
confirm the different reactivities of azobenzene and hydrazobenzene, we performed ab
initio molecular orbital calculations based on the DFT method using the GASSIAN 98
program package.33 Previous extensive DFT calculations using the gradient corrected
hybrid B3LYP function have reproduced geometries and vibrational properties of
azobenzene reasonably well.18,22,34 It was also demonstrated that the incorporation of
diffuse functions and polarization functions could improve the estimation of various
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properties of azobenzene. Therefore, in our calculations we chose the prevailing B3LYP
function with Pople’s basis set 6-311+G (d, p), which is comparable or slightly better
than that of previous studies.18,22 Fig. 4.7 shows the frontier orbitals that would contribute
to the polymerization process if the irreversible chemical transformation occurs. We note
that Crecca and Roitberg22 reported very similar frontier molecular orbitals for
azobenzene using density functional theories at a similar level of theory, i.e., B3LYP/631G* (Fig. 3 of Ref. 22), but no corresponding studies had been performed on
hydrazobenzene before. As can be seen, the LUMO orbital of azobenzene shows a
reinforced conjugation with the contribution of the  (2pz of carbon and nitrogen) orbitals
especially by nitrogen atoms, whereas the electron density for hydrazobenzene is mainly
situated on the phenyl carbons rather than the two nitrogens, consistent with the above
interpretation. In addition, our calculation shows a HOMO-LUMO gap of 3.91 eV for
azobenzene, also in good agreement with that calculated by Crecca and Roitberg.22
Compared to the gap of 5.19 eV for hydrazobenzene, the 25% smaller energy gap for
azobenzene may correlate with its higher reactivity upon compression. Such a level of
calculations, therefore, provides a reasonably good, qualitative understanding of the
different pressure behaviors of the two hydrazine derivatives.

4.4 Conclusions
Using in-situ Raman spectroscopy, we investigated the structures and transformations
of azobenzene and hydrazobenzene at high pressures of up to 28 GPa, comparatively.
Upon compression, both compounds exhibited a pressure-induced structural transition at
around 10 GPa. Further compression of azobenzene to 18 GPa resulted in an irreversible
destruction of the molecular structure. In contrast, hydrazobenzene was found to sustain
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pressures up to 28 GPa without chemical transformations, and the structural evolutions
with pressure were totally reversible in the entire pressure region. The high-pressure
behaviors and possible structures of these two molecules were analyzed in comparison
with the results of previous studies on other aromatic structures. While hydrazobenzene
retains a disordered but chemically stable phase at high pressures, azobenzene undergoes
an amorphization process accompanied by polymerization via cross-linking involving the
entire molecule. The drastically different high-pressure stabilities of the two compounds
are attributed to their intrinsically different electronic configurations in terms of
conjugation. The molecular orbital calculations using density functional theories further
supported the experimental observations and the spectroscopic interpretations.

4.5 References
(1)

Sabharwal, R. J.; Huang, Y. N.; Song, Y. J. Phys. Chem. B 2007, 111, 7267.

(2)

Dong, Z.; Beilby, N. G.; Huang, Y.; Song, Y. J. Chem. Phys. 2008, 128, 074501.

(3)

Murli, C.; Song, Y. J. Phys. Chem. B 2010, 114, 9744.

(4)

Hemley, R. J. Annu. Rev. Phys. Chem. 2000, 51, 763.

(5)

Bini, R. Accounts Chem. Res. 2004, 37, 95.

(6)

Zhuravlev, K. K.; Traikov, K.; Dong, Z. H.; Xie, S. T.; Song, Y.; Liu, Z. X. Phys.
Rev. B 2010, 82, 064116.

(7)

Citroni, M.; Ceppatelli, M.; Bini, R.; Schettino, V. J. Chem. Phys. 2003, 118,
1815.

(8)

Citroni, M.; Ceppatelli, M.; Bini, R.; Schettino, V. Chem. Phys. Lett. 2003, 367,
186.

(9)

Pruzan, P.; Chervin, J. C.; Thiery, M. M.; Itie, J. P.; Besson, J. M.; Forgerit, J. P.;
Revault, M. J. Chem. Phys. 1990, 92, 6910.

(10)

Ciabini, L.; Santoro, M.; Bini, R.; Schettino, V. Phys. Rev. Lett. 2002, 88,
085505.

(11)

Ciabini, L.; Santoro, M.; Gorelli, F. A.; Bini, R.; Schettino, V.; Raugei, S. Nat.
Mater. 2007, 6, 39.

(12)

Ciabini, L.; Santoro, M.; Bini, R.; Schettino, V. J. Chem. Phys. 2002, 116, 2928.

80

(13)

Chelazzi, D.; Ceppatelli, M.; Santoro, M.; Bini, R.; Schettino, V. J. Phys. Chem.
B 2005, 109, 21658.

(14)

Schettino, V.; Bini, R. Chem. Soc. Rev. 2007, 36, 869.

(15)

Ceppatelli, M.; Fontana, L. Phase Transit. 2007, 80, 1085.

(16)

Asanuma, H.; Ito, T.; Yoshida, T.; Liang, X. G.; Komiyama, M. Angew. Chem.Int. Edit. 1999, 38, 2393.

(17)

Tanaka, S.; Itoh, S.; Kurita, N. Chem. Phys. Lett. 2002, 362, 467.

(18)

Stepanic, V.; Baranovic, G.; Smrecki, V. J. Mol. Struct. 2001, 569, 89.

(19)

Tong, X.; Pelletier, M.; Lasia, A.; Zhao, Y. Angew. Chem.-Int. Edit. 2008, 47,
3596.

(20)

Liu, Z. F.; Hashimoto, K.; Fujishima, A. Nature 1990, 347, 658.

(21)

Harada, J.; Ogawa, K. J. Am. Chem. Soc. 2004, 126, 3539.

(22)

Crecca, C. R.; Roitberg, A. E. J. Phys. Chem. A 2006, 110, 8188.

(23)

Eremets, M. I.; Gavriliuk, A. G.; Trojan, I. A.; Dzivenko, D. A.; Boehler, R. Nat.
Mater. 2004, 3, 558.

(24)

Mao, H. K.; Bell, P. M.; Shaner, J. W.; Steinberg, D. J. J. Appl. Phys. 1978, 49,
3276.

(25)

Mao, H. K.; Xu, J.; Bell, P. M. Journal of Geophysical Research-Solid Earth and
Planets 1986, 91, 4673.

(26)

Armstrong, D. R.; Clarkson, J.; Smith, W. E. J. Phys. Chem. 1995, 99, 17825.

(27)

Tecklenburg, M. M. J.; Kosnak, D. J.; Bhatnagar, A.; Mohanty, D. K. J. Raman
Spectrosc. 1997, 28, 755.

(28)

Gruger, A.; Lecalve, N. J. Chim. Phys.-Chim. Biol. 1972, 69, 743.

(29)

Kellerer, B.; Brandmul.J; Hacker, H. H. Indian J. Pure Appl. Phys. 1971, 9, 903.

(30)

Zhang, D. L.; Lan, G. X.; Hu, S. F.; Wang, H. F.; Zheng, J. M. J. Phys. Chem.
Solids 1995, 56, 27.

(31)

Rao, R.; Sakuntala, T.; Deb, S. K.; Roy, A. P.; Vijayakumar, V.; Godwal, B. K.;
Sikka, S. K. Chem. Phys. Lett. 1999, 313, 749.

(32)

Tang, X. D.; Ding, Z. J.; Zhang, Z. M. Solid State Commun. 2009, 149, 301.

(33)

Frisch, M. J. T., G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;
Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery Jr., J. A.; Stratmann, R. E.;
Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,
M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.;
Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.;
Cui, Q.; Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A.
G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;

81

Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; ohnson, B. ;Chen, J. W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S. and
Pople, J. A. ; Inc.: Pittsburgh, PA, 2001.
(34)

Biswas, N.; Umapathy, S. J. Phys. Chem. A 1997, 101, 5555.

82

Chapter 5 Transformations of Cold-compressed Multiwalled Boron Nitride Nanotubes Probed by Infrared
Spectroscopy*
5.1 Introduction
Structurally similar to graphite, layered hexagonal boron nitride (h-BN) has important
technological applications in the materials industry, especially as a lubricant under
extreme conditions.1 In more recent years, its nanostructured counterpart, boron nitride
nanotubes (BNNTs), which are formed by rolling a single sheet of h-BN into a cylinder,
have attracted significant interest.2 First theoretically predicted3 and subsequently
synthesized,4 BNNTs were found to exhibit unique properties that are significantly
different from their isoelectronic analogue, carbon nanotubes (CNTs). For instance,
BNNTs have an insulating nature with a large and structure-independent band gap of >
5.5 eV,5 which is in strong contrast to metallic or semiconducting CNTs whose electronic
properties critically depend on tube diameter and chirality. In addition, BNNTs have
enhanced thermal stability,6 high resistance to oxidation at high temperatures,7 high
thermal conductivity,8 and remarkable yield strength (Young’s modulus ~1.2 TPa).9
These attractive chemical, physical, and mechanical properties make BNNTs an
extremely promising advanced material that could be used for a wide range of
applications, such as spacecraft coatings,10 photoluminescence devices,11 piezoelectric
materials,12 and optoelectronic devices.13

*

The content of this chapter has been published as: Dong Z., and Song Y., J. Phys. Chem., 2010, 114,
1782.
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Despite the great promises of BNNTs for practical applications, our knowledge on their
structure-property relationship is still limited. An important approach for structure
modification is to subject materials to extreme conditions, such as high pressure,
followed by in-situ structural characterization and subsequent property evaluations.
Investigations of the structural and phase transformations of nanomaterials under high
pressures are receiving greater attention14-20 simply because, in addition to composition
and synthetic routes, pressure provides an additional effective driving force to tune the
structures and thus properties of the nanostructured materials.21 The most interesting
aspect is the observation nanomaterials behave quite differently than their corresponding
bulk counterparts under pressure. For example, CdSe14,15 and TiO219 have specific sizedependent phase transformations that greatly enhance the opportunities for producing
new structures. In addition, morphology can play an important tuning role in pressureinduced transformations in these nanostructured materials. For instance, different
morphologies of ZnS were found to have strikingly different phase stabilities when
compressed.18 These examples demonstrate that pressure can drastically alter the
structures and stabilities of nanomaterials and that these pressure responses can be
substantially different than those for bulk materials.
Transformations involving compressed bulk h-BN have been recently investigated both
experimentally22 and theoretically.23 It has been well established that, under high pressure
and temperature, bulk h-BN can be converted to a more closely packed wurtzite structure
(w-BN)24 or to a dense cubic structure (c-BN),25 depending on the P-T conditions.
Structurally similar to c-BN with almost identical compressibility, w-BN is believed to be
a metastable phase.26 Particularly intriguing is the surprising superhardness (i.e., harder
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than natural diamond) recently predicted for w-BN, which is similar to that for
lonsdaleite (hexagonal diamond).23 However, very few high-pressure studies on BNNTs
have been reported,27-29 in contrast to the numberous investigations of CNTs under high
pressure, for which Raman spectroscopy was used as the most effective characterization
probe.30 More importantly, because of the close proximity of the extremely intense T2g
mode (1334 cm-1) of diamond to the major Raman mode (E2g) of BNNTs (~ 1367 cm1 27,28,31,32

),

monitoring pressure-induced transformations in DACs by Raman spectroscopy

is, therefore, subject to some ambiguity. As a result, the Raman measurements on the
transformation of BNNTs lead to conclusions that are inconsistent with the later X-ray
diffraction measurements by the same research group.27 In addition, depending on their
synthetic route and final composition, BNNTs often produce a strong fluorescent
background, which makes Raman measurements on a single mode very difficult and less
reliable. Moreover, Raman intensity critically depends on excitation power and
polarization, sample orientation, exposure time, detector sensitivity and stability as well
as many other factors, which makes Raman a less desirable quantitative probe. In-situ
infrared (IR) measurements, in contrast provide not only supplementary but also more
quantitative

and

sometimes

critical

information

than

Raman

spectroscopy.

Nanostructured BN at ambient pressures has been characterized by several groups.32-35
However, in-situ high-pressure IR measurements have been sparse. Here, we report the
first in-situ IR measurements on BNNTs in comparison with bulk h-BN, which provide
new and quantitative evidence for pressure-induced transformation of BNNTs.
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5.2 Experimental section
Multi-walled (MW) BNNTs (purity 99.5%) purchased from NanoAmor Inc. and h-BN
(purity 99.5%) purchased from Alfa Aesar were used without further processing.
Morphology analysis by transmission electron microscopy (TEM) showed that the
BNNTs had an inner diameter of 10 – 40 nm and an outer diameter of 30 – 100 nm (Fig.
5.1 inset). The number of walls was estimated to be 10 or more. The sample was loaded
into a DAC equipped with type II diamonds with a culet size of 300 m. KBr was used as
pressure transmitting medium and sample diluter to avoid IR absorption saturation. The
sample was ~ 150 m in diameter and ~ 35 m thick. A few Rudy chips were inserted as
pressure calibrant. The in-situ IR measurement was carried out using a customized IR
microscopy system in the Song laboratory using the customized micro-IR system
(referring to Chapter 2).
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Figure 5.1 Infrared spectra of BNNT (a) in comparison with bulk h-BN (b) both at ambient
pressure before compression. The inset shows the TEM image of a selected BNNT.

5.3 Results and discussion
Fig. 5.1 shows the infrared absorption spectra for BNNTs and bulk h-BN under
ambient pressure. In both spectra, two major IR bands are observed at slightly different
wavenumbers, that is, 794 and 1380 cm-1 for BNNTs and 804 and 1377 cm-1 for bulk hBN. These bands are characteristic of hexagonal BN with symmetries of A2u and E1u,
respectively.36 In addition to the similar IR frequencies between the BNNTs and h-BN, a
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slightly more asymmetric E1u mode was seen for the BNNTs, which can be deconvoluted
with a shoulder peak at 1554 cm-1 because of the splitting between the longitudinal
optical (LO) and transverse optical (TO) modes. This asymmetric profile manifested by
the E1u (LO) mode is believed to be endemic to BNNTs and is distinct from bulk h-BN,
which is consistent with that observed by Borowiak-Palen33 and Han.34 However, the
symmetric peak profile for the A2u mode of BNNTs observed in the present study seems
different from that observed in the above studies in that the band showed prominent
asymmetry in Borowiak-Palen’s research, whereas it was significantly broadened in
Han’s. Although MW-BNNTs are the subject materials in all these studies, detailed
morphologies may differ due to the different synthetic routes and processing methods.
Because of this and the different characterization conditions, therefore, detailed
spectroscopic features may not be the same. For example, in the IR measurements of
BNNTs by Zhi et al.32, frequencies of 820 and 1366 cm-1 were reported for the A2u and
E1u (TO) modes, whereas Chen et al.35 observed only a single symmetric band at 1367
cm-1 for hollow BN nanoribbons, both of which were significantly different from all other
IR measurements on BNNTs. Even for bulk h-BN, for which the IR measurements have
been extensively conducted, different IR frequencies are still reported for different
studies. Table 5.1 listed the results of typical IR measurements for both BNNTs and bulk
h-BN for comparison. In general, our measurements are consistent with the majority of
others, which provides a reliable starting point for the investigation of pressure-induced
transformations. In particular, the A2u and E1u modes correspond to the B-N stretch
perpendicular and parallel to the tube axis for BNNTs or out-of-plane and in-plane
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vibrations for bulk h-BN, respectively. Their responses to compression will provide
critical information about their structural and bonding changes.
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Figure 5.2 Infrared spectra of BNNTs at selected pressures upon compression (red lines)
and decompression (blue lines) in the spectra region of 600 – 1900 cm-1. The solid and
dashed arrows indicate the compression and decompression sequence. The spectra are
vertically offset for clarity. The pressures in GPa are labeled along selected spectra. The
inset shows spectra from another run at highest pressure of 34.6 GPa on compression (red
solid line) and complete pressure release (blue solid line).
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Figure 5.3 Pressure dependence of characteristic IR bands of BNNTs on compression
(open symbols) and in comparison with those for bulk h-BN (solid symbols). The squares
and circles denote A2u mode and E1u of h-BN structure respectively. Other symbols
represent IR modes for w-BN structure. The dashed line at around 11 GPa indicates the
transition onset for both BNNTs and bulk h-BN. The vertical bars for A2u mode represent
the full width at half maximum for BNNTs. The inset shows the ratio of the IR band
intensity of the mode at 1125 cm-1 for w-BN over the E1u mode for h-BN observed in BNNTs
labeled as Iw/Ih. The solid lines are for eye guidance showing three distinctive conversion
regions.
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Table 5.1 Frequencies of IR active modes observed in nano-BN and bulk h-BN at
ambient pressure and temperaturea.
reference
nano
this work
Borowiak-Palenb
Hanc
Zhid
Chene
bulk
this work
Borowiak-Palenb

A2u (cm-1)

E1u (cm-1)

note

794
800
800
772 (820)
818

1380 (1554)
1372 (1540)
1376
1366 (1464)
1367

MW-NT; diameter, 30-100 nm
MW-NT; 2 – 10 walls; diameter, 3 ±1 nm
MW-NT; ~10 walls; diameter, 20 – 120 nm
NT in polymer composite
hollow nanoribbon

804
1377
Powder
811
1377 (1514) polycrytalline
767 (783) 1367 (1510) Pyrolytic h-BN
Rokutaf
790
1395
On Ni (1 1 1)
Geickg
783 (828) 1367 (1610) Pyrolytic polycrystalline
a
In both nano and bulk BN, the symmetries of IR-active modes are A2u and E1u. The frequencies
in the parenthesis denote the LO branch if observed or resolved (see text). bRef. 33. cRef. 34.
d
Ref. 32. eRef. 35. fRef. 44. gRef. 36.

Fig. 5.2 depicts the selected IR absorption spectra for BNNTs compressed to 22 GPa,
followed by decompression. Clearly, the E1u band shifts to higher frequencies whereas
the A2u band shifts to red on compression. The pressure dependences of IR frequencies
are plotted in Fig. 5.3. As seen in Fig. 5.2, both A2u and E1u bands exhibit significant
broadening upon compression. The broadenings with asymmetric band profiles which
change significantly under pressure are apparently associated with multiple highly
convoluted components. Therefore, we monitored the pressure behavior of the entire
band instead of deconvolution to reduce arbitrariness. For example, we characterized the
broadening of the entire A2u band by its bandwidth, which was found to increase
significantly from 58 cm-1 at ambient pressure to over 150 cm-1 above 21 GPa, as
indicated by the vertical bars in Fig. 5.3. Starting at 11.2 GPa, the broadening of the E1u
mode resulted in a further enhanced asymmetric band profile in which the third
component can be seen in addition to the TO/LO bands. At this pressure, the most
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significant change of the IR absorption profile is the observation that a new band formed
at 1125 cm-1, which is a characteristic IR mode of w-BN (as will be discussed along with
bulk h-BN). Upon further compression, the intensity of this band grew very gradually,
indicating the sequential transformation of the hexagonal structure of BNNT to a wurtzite
structure. However, even compressed to 22 GPa, the A2u and E1u bands associated with
the hexagonal structure remained as the dominant bands, suggesting the transformation to
w-BN was far from complete. When the pressure was released, the band associated with
the wurtzite structure maintained its intensity, whereas the bands associated with the
hexagonal structure showed no obvious change in intensity, except that the bandwidth of
the A2u mode almost reverted to its original level. These observations indicate that, once
formed, the transformation of wurtzite structured BNNTs back to the hexagonal is
irreversible. The incomplete transformation to w-BN motivated us to conduct several
additional compressions to higher pressures. We found even at around 35 GPa, the
transformation of BNNTs to wurtzite structure is still very incomplete, as shown in the
inset of Fig. 5.2. Although the band associated with w-BN becomes the dominant band,
quantitative analysis indicates there are about 30% of the BNNTs remained in h-BN
structure (Fig. 5.4). Upon decompression from 35 GPa, the IR spectrum of the recovered
BNNTs resembles that on decompression from 22 GPa in terms of the relative band
intensities between the two structures. These observations indicate that, although higher
compression pressure resulted in more complete conversion to wurtzite structure, this
phase can be recovered at ambient pressure only with a relatively constant abundance,
regardless of the compression pressure.
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Figure 5.4 Infrared spectra of bulk h-BN at selected pressures upon compression (red
lines) and decompression (blue lines) in the spectra region of 600 – 1900 cm-1. The solid and
dashed arrows indicate the compression and decompression sequences. The spectra are
vertically offset for clarity. The pressures in GPa are labeled along selected spectra.
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To understand the pressure-induced transformations observed in BNNTs, we also
conducted comparative studies on bulk h-BN as well. To our knowledge, IR
measurements on bulk h-BN at high pressures have not been reported previously. Fig. 5.5
shows selected IR absorption spectra for bulk h-BN on compression to around 23 GPa,
followed by decompression. In addition to the similar broadening, as observed for
BNNTs, the A2u mode exhibited more prominent splitting, which allowed deconvolution
analysis. As seen in Fig. 5.3, the magnitude of the splitting increased with increasing
pressure, with the low-frequency branch significantly shifted to red. We note that the
split magnitude is roughly consistent with the bandwidth of this mode for BNNTs below
11.4 GPa. In contrast, the E1u mode for h-BN shifted to blue, similar to that for BNNTs.
Dramatic changes were observed at 11.4 GPa: three new bands emerge at 890, 1095 and
1221 cm-1. The middle band at 1095 cm-1 with strongest intensity can be assigned as the
characteristic mode of w-BN, comparable to the band at 1125 cm-1 at similar pressures
for BNNTs. However, the other two bands have not been reported before. Further
compression from 11.4 GPa resulted in the diminishing of the band at 1221 cm-1, along
with the A2u and E1u modes of the h-BN structure, while the band at 890 cm-1 remained
strong. At 23.5 GPa, only the bands originally at 1095 cm-1 and 890 cm-1 were observed,
while the A2u and E1u modes of the h-BN structure had negligible intensities only,
indicating that bulk h-BN almost completely converted to w-BN at this pressure, which
strongly contrasts what occurred for BNNTs. Upon decompression, the E1u band gained
its intensity back gradually along with the broad A2u band. At near ambient pressure, the
recovered bulk h-BN was composed of almost equal amounts of the two h-BN and w-BN
structures, as indicated by the comparable intensities of the two characteristic bands.
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Again, the structural composition of recovered bulk h-BN is in contrast to that of the
BNNTs, for which h-BN was the dominant phase. In addition, this finding indicates that
the transformation of bulk h-BN to w-BN is partially reversible, which contradicts
previous room-temperature Raman studies in which complete reversibility was claimed
27,28

.

Evidently, BNNTs and bulk h-BN are distinct from each other and exhibit significantly
contrasting pressure responses that convey important structural and bonding information.
To understand their different pressure behaviors, we attempted to address the pressureinduced structural changes of the bulk h-BN first. Both h-BN ( = 2.48 g/cm3) and w-BN
( = 3.46 g/cm3) - its denser form - belong to a hexagonal crystal system, and their
detailed crystal structures have been well established.24 The bonding patterns of the two
forms are shown in Fig. 5.5. As seen, h-BN is composed of discrete layers of hexagons
with alternating BN units connected by sp2 hybrid bond but no interlayer covalent
interactions, similar to its isoelectronic analogue, graphite. However, a critical difference
between BN and graphite is that BN takes the “eclipsed” conformation in which each
boron atom is aligned with a nitrogen atom in adjacent layers. Graphite, however,
crystallizes in “staggered” conformation with half of the hexagon vertices aligned with
vertices and the other half aligned with the centers of the hexagons in the adjacent layers.
As a result, Mao et al. demonstrated that, upon compression of graphite, a superhard
graphite phase was formed in which half of the sp2 bonds converted to sp3 bonds.37 In
contrast, h-BN can be converted to a much denser w-BN structure via the planar-to-chair
conformational transition such that each B-N pair between two adjacent layers is 100%
connected by sp3 bonds, which is similar to the bonding patterns observed for cubic BN
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(c-BN). The w-BN belongs to space group 186 (P63mc, Z = 2) and thus the factor group
analysis predicted that only A1 and E1 modes would be IR-active. Until now, the only
data for the IR frequencies of these two bands were theoretical predictopms, that is,
1001/1249 and 1041/1267 for A1 (TO/LO) and E1 (TO/LO), respectively.38 Because of
the extremely close frequencies between the two bands, it is not clear which symmetry
the bands observed at 1095 and 1221 cm1 at 11.4 GPa possess, although they are likely a
TO/LO pair. The h-BN band seen at 890 cm-1 is a new observation and remains to be
explained. One possibility is that, because compression results in a strong lattice
distortion, the symmetry of the wurtzite structure is no longer strictly hexagonal. As a
result, the E2 mode, which is originally Raman-active only, becomes IR-active. This
mode was calculated to occur at 938 cm1 in the IR reflectance spectrum.38 Interestingly,
a weak band at similar frequency, i.e., 920 cm1, was also observed for BNNT Raman
measurements by Zhi et al.32 This was believed to originate from lattice distortion as
well, which is analogous to the disorder-induced D band for CNTs.28
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Figure 5.5 Crystal structures and bonding patterns of (a) h-BN and (b) w-BN. The
transformation conditions for BNNT and bulk h-BN are labeled. The dashed arrow for
BNNT indicates incomplete irreversible transformation, while the solid arrows with
different length for bulk h-BN indicate partial reversibility (see text).

Using inelastic X-ray scattering (IXS), Meng et al.22 has characterized the bonding
changes in compressed h-BN. The structural transformations and bonding changes we
observed for bulk h-BN using IR spectroscopy are consistent with those measured by
IXS. In addition, our IR data also agree with Raman studies undertaken by Saha et al.27,28
These results are listed in Table 5.2. As seen, the transformation pressures determined by
different studies are in the range of 11 – 14 GPa, with reasonable agreement. However,
the reversibility remains an open issue. Although this issue was not addressed in the IXS
study,22 Raman studies suggest that the transformation of bulk h-BN is completely
reversible. We noticed that the Raman measurements relied primarily on a single weak
mode (E2g) in close vicinity to the overwhelming T2g mode of diamonds. However, the IR
measurements in the present study have the advantage of the quantitative nature of IR
absorption of the multiple characteristic modes that are active in both h-BN and w-BN.
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This permitted the unambiguous characterization of the partial reversibility of the
structural transformations and bonding changes. Furthermore, a recent X-ray diffraction
study of MWBNNTs29 yielded high-pressure behaviors that contradicted previous Raman
measurements as well.
The major difference in the pressure responses between BNNTs and bulk h-BN is the
completeness of the transformation. Even at over 35 GPa, the h-BN structure remains
prominent in BNNTs, whereas bulk h-BN converts completely to w-BN at 23 GPa. This
difference, together with other spectroscopic features, can be understood from the
topological and mechanical aspects of BNNT nanostructures. MW-BNNTs are formed by
wrapping hexagonal BN sheets into concentric cylinders, similar to the formation of
MW-CNTs. The similar spectroscopic features of bulk h-BN and BNNTs, including
Raman scattering and IR absorption, indicated that the walls of BNNTs are aligned in a
similar way to the layers of bulk h-BN. If the diagonal length (or parallel edge distance)
of each hexagon in h-BN is considered to be 2.891 Å (or 2.504 Å), the narrowest tube in
this study, with an inner diameter of 10 nm, can be estimated to be formed by wrapping
109 to 125 hexagons. The difference in IR absorption profile and band frequencies could
be due to the actual wall curvatures and/or the slightly displaced alignment between the
walls compared to the near perfectly aligned layers in bulk h-BN. Upon compression, it is
highly likely that the tubes first form bundles characterized by very short inter-tubular
distances, as observed for CNTs.21,30 When the pressure is high enough (e.g., 11 GPa),
sp3 bonds are formed first between the tubes within the bundles. Above 20 GPa, the
formation of sp3 between the tubes is saturated and further compression results in crosslinking between the walls by sp3 bonds within the tube. However, such a linkage that
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requires the deformation and/or displacement of the walls is much more limited than the
very complete inter-tubular linking because of the intrinsic mechanical strength of
BNNTs. As a result, the two phases can coexist at much higher pressure in BNNTs than
in h-BN. Such a transformation sequence is analogues of the preferential orders of interand intra-molecular responses to compression. Upon decompression, the intra-tubular sp3
bonds revert, first, as the result of stress release, whereas some of the inter-tubular sp3
bonds survive, resulting in the recovery of h-BN as the major phase in the mixture.
Golberg et al. recently measured the elastic deformations of individual MW-BNNTs
using integrated TEM-atomic force microscopy (AFM).39 It was found that BNNTs
survive at very large bending angles corresponding to the elastic moduli of 0.6 TPa and
the elastic deformation is entirely reversible with no traces of residue. The pressureinduced transformation sequence proposed here is, therefore, also consistent with the
investigated

mechanical

strength of BNNTs.

Furthermore, such

a

proposed

transformation mechanism can be substantiated by the detailed spectroscopic features
observed in the IR measurements. Below 12 GPa, the A2u mode associated with the B-N
stretch normal to the tube axis (or along the direction of the sp3 bond formation between
the walls) exhibited a soft behavior as a precursor to the structural transition for both hBN and BNNTs. The significantly different band profile between the two morphologies
suggests that there is a different microscopic environment under stress. For instance, the
BNNT mode had a much less sensitive pressure dependence (with a pressure coefficient
of –2.5 cm-1/GPa) than that for bulk h-BN (–8.7 cm-1/GPa) below the transition pressure
(Fig. 5.3). Above 12 GPa, this mode entered an extended plateau region to 35 GPa,
indicating a strong “resistance” to compression. Prominent band broadening at high
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pressures could be interpreted as sequential cross-linking between the walls of nanotubes
in which the uniformity and spatial distribution of the sp3 connections between the walls
contribute to the bandwidths. Furthermore, the multiple frequencies from the convoluted
BNNT E1u mode are markedly different from those for bulk h-BN, which had a
significantly different band profile. This is consistent with the finding that the BNNT
wurtzite structure may be contributed by both the inter- and the intra-tubular linking,
whereas the bulk h-BN structure arose only from interlayer linking. The abundance ratio
of w-BN to h-BN (Fig. 5.3) along the BNNT transitions provided a possible estimate of
the threshold pressure above which intra-tubular linking becomes significant. That is, the
second region of 11 – 20 GPa likely corresponds to inter-tubular linking, whereas in the
third region above 20 GPa, intra-tubular linking might play a major role in the conversion
to a wurtzite structure. These observations strongly support the different mechanisms of
sp3 bonding formation between the two BN materials. Additional theoretical
investigations on high-pressure structures and MWBNNT bonding patterns would be
helpful for understanding the detailed transformation process. Further in-situ structural
investigations, such as synchrotron X-ray diffraction and inelastic X-ray scattering,22
would provide new experimental insight into the proposed transformation mechanism.
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Table 5.2 Comparison of pressure-induced transformations of BNNTs and CNTsa with
their bulk counterparts.

BNNTb
BNNTc

transformed
form
w-BN
w-BN

transformation
pressure (GPa)
11
12

characterization
method
IR
Raman

h-BNb

w-BN

11

IR

initial form

h-BNc
h-BNd

note
incomplete, irreversible
irreversible
complete,
partially reversible
reversible

w-BN
13
Raman
w-BN
14
IXS
deformed
e
CNT (SW)
2
Raman
reversible
tube
f
CNT (MW)
diamond
7
Raman
at high temperature
distorted
superhard phase,
Graphiteg
17
IXS
graphite
reversible
a
For pressure-induced transformations of CNTs, only selected studies were listed since it is
impossible to exhaust numerous high-pressure studies (see text and Ref. 30). bThis work. cRefs.
27 and 28. dRef. 22. eRef. 30. fRef. 40. gRef. 37.

Finally, because BN and graphite are isoelectronic, it would be interesting to compare
the pressure behavior of BNNTs with that for CNTs, which have been studied extensively
under high pressures, both experimentally and theoretically.30 Table 5.2 lists
representative experimental high-pressure studies of CNTs30,40 and BNNTs together with
the corresponding bulk materials.22,37 Using Raman spectroscopy, CNTs were found to
have a reversible pressure-induced anomaly at 2 GPa, which is characterized by the
discontinuous reduction of the Raman intensity.30 Theoretical studies interpret this
anomaly as deformations of the circular nanotubes.41,42 In addition, the transformations
were found to depend on tube diameter, chirality, and choice of transmitting media, as
well as many other factors, especially those associated with the synthesis process.21 Highpressure studies of MW-CNTs suggest that their behaviors also depend on the intrinsic
parameters, such as the diameter and wall thickness of the tube. However, structural
evolutions characterized by the tangential mode show substantially less pressure
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dependence, indicating that MW-CNTs have a more elastic nature than SW-CNTs.
Interestingly, BNNTs similarly seem to exhibit more enhanced elasticity than does bulk
h-BN, as evidenced by the fairly pressure-independent A2u mode and its significant
resistance to compression above 20 GPa. Although SW-BNNTs are difficult to obtain
experimentally, theoretical calculations have predicted that the mechanical stiffness of
BNNTs is comparable with that of CNTs. For example, it has been shown that, although
SW-BNNTs have a lower elastic modulus, the ability of BNNTs to resist yield and
thermal degradation exceeds that of CNTs.43 Thus, the combined mechanical and
chemical properties of BNNTs make them a highly promising advanced material that
may replace CNTs for many unique applications.

5.4 Conclusions
Complementary to previous high-pressure studies using Raman spectroscopy, in-situ
FTIR spectroscopic measurements on MW-BNNTs were carried out up to 35 GPa in
comparison with bulk h-BN material for the first time. A hexagonal-to-wurtzite structural
transformation characterized by the formation of sp3 bonding was observed at around 11
GPa in both materials. However, such transformation is near complete at 23 GPa for bulk
h-BN but far from complete for BNNTs even at ∼35 GPa. Furthermore, the back
transformation from a wurtzite to a hexagonal structure is partially reversible for bulk BN
but irreversible for BNNTs. These observations strongly contrast previous Raman
studies. We attempted to address the differences in compression behaviors between bulk
BN and BNNTs by proposing a two-step, sequential pressure-induced transformation
mechanisms inter-tubular sp3 bonds form, first, in the lower pressure region, while intratubular connections (i.e., linkages between walls) become significant upon further
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compression. Additional theoretical and experimental investigations are required to
justify the proposed mechanism.
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Chapter 6 Abnormal Pressure-Induced Structural
Transformations of Gallium Nitride Nanowires*
6.1 Introduction
Gallium nitride (GaN) is a wide band gap semiconductor of great technological
importance.1 Due to the high degree of hardness, low compressibility, high ionicity, and
high thermal conductivity, GaN has been considered as a promising candidate for
optoelectronic devices operating under extreme conditions such as high pressure.2 It is
well established that GaN transforms from a wurtzite (B4) structure (P63mc) to a rocksalt
(B1) structure ( Fm3m ) at high pressures.3-11 However, there were large discrepancies in
the reported transition pressures (e.g., 42 – 54 GPa for experimental results 4,7,12 and 37 –
55 GPa for other theoretical studies3,13-17). GaN can also be synthesized in the
nanocrystalline form, either as nanowires or as quantum dots.9,18,19 Compared to bulk
GaN, nanostructured GaN exhibits attractive properties and thus enhanced performance
for applications such as optoelectronic devices because of its excellent tunability of its
direct band gap.20 Therefore, studies on structural tuning of nano-GaN, such as by the
application of pressure in comparison with the bulk materials, are of fundamental
interest.21 To date, only Jorgensen et al. have investigated the phase transformations and
compressibility of GaN nanocrystals in comparison with the bulk GaN. In this paper, we
reported the in-situ high-pressure X-ray diffraction investigation of one-dimensional

*

The content of this chapter has been published as: Dong Z., and Song Y., Appl. Phys. Lett., 2010, 96,
151903.
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nanostructured GaN in the form of zigzagged nanowires where unusual pressure
behaviors were observed.

6.2 Experimental section
The GaN nanowires were synthesized by passing ammonia through a mixture of Ga
and Ga2O3 at a high temperature using Au nanoparticles as the catalyst.19 The SEM
images (Fig. 6.1a) revealed that the GaN nanowires had a wire-like structure comprised
of zigzag periodic units with a length of tens to hundreds of microns and a thickness of
several tens of nanometers. The culet size of the diamond anvil was 250 m. A hole with
diameter of 80 m was drilled in a tungsten gasket and used as the sample chample.
Silicone oil was used as the pressure-transmitting medium and pressure was determined
by the ruby fluorescence method.
The synchrotron angle-dispersive X-ray diffraction measurements were performed
using an incident wavelength of 0.3680 Å and a beam size of 15 m×10 m. GaN
nanowires were compressed up to 65 GPa. The detailed description of experimental set
up can be found in Chapter 2.

107

Figure 6.1 SEM images of GaN nanowires before compression (a) and after decompression
(b) with scales labeled in each panel.

6.3 Results and discussion
Selected X-ray diffraction patterns of GaN nanowires are shown in Fig. 6.2. The
diffraction pattern at near ambient pressure (i.e., 0.5 GPa) can be indexed with a
hexagonal wurtzite structure (P63mc) with cell parameters consistent with the previous
diffraction measurement of GaN nanowires.19 In contrast to the diffraction pattern of
nanocrystalline GaN, which is characterized by significantly broadened reflection
profiles,9 however, the narrow and sharp reflections for GaN nanowires observed here
suggest an excellent crystalline phase that resembles bulk GaN. Upon compression, the
wurtzite phase was found to persist to 65 GPa as indicated by the consistent indexing of
the first six reflections associated with this phase. At 55 GPa, a new reflection appeared
at 10.4519, which can be indexed as (2 0 0) for the rocksalt phase, suggesting the onset
of a phase transformation. We note that the phase transition pressure of 55 GPa was
higher than that in most of the previous studies for bulk GaN5,7 but lower than that for
nanocrystalline GaN (i.e.,~ 60 GPa).9 Size and morphology-dependent enhancements of
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transition pressures have been observed in other nanostructured materials.21 Currently it
is the general understanding that surface energy plays an important role in nanostructures
and contributes to the enhanced transition pressures. The GaN nanowires in the current
study had an initial wire-like morphology and converted to smaller nanoparticles upon
compression with an average size of 50 – 200 nm (Fig. 6.1b), which resulted in an
increased surface area. Comparing with the particle size of the nanocrystalline GaN (i.e.,
2 – 8 nm) studied previously,9 it can be inferred that the surface energy of GaN increased
from bulk to nanowires and to nanoparticles with decreasing sizes, giving rise to the
corresponding different transition pressures.
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Figure 6.2 X-ray diffraction patterns (λ=0.3680Å) at selected pressures. The solid and
dashed arrows indicate the compression and decompression sequence.
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Another significant difference from previous studies is that the wurtzite-to-rocksalt
transformation for GaN nanowires was far from complete even at 65 GPa. Rietveld
analysis of the GaN nanowire diffraction pattern at 65 GPa shown in Fig. 6.3 indicates
that the wurtzite and rocksalt phases coexist at this pressure with a respective abundance
of 88% and 12%. In contrast, an abundance of almost 100% was reported for the rocksalt
phase of bulk GaN at a pressure of less than 60 GPa in most of the previous studies.4,7,8,12
Our observation was consistent with that for nanocrystalline GaN where the wurtzite to
rocksalt phase transition was found to be incomplete even at 63.5 GPa.9 Similar results
were also obtained in other one-dimensional nanomaterials, such as boron nitride
nanotubes.22 In addition to the intrinsic properties of nanostructures, nonhydrostaticity
due to use of silicone oil as the pressure-transmitting medium may also contribute to the
“sluggish” phase transformations, as manifested by the significant broadening of all the
reflections especially at high pressures. Furthermore, severe distortions in the DebyeScherrer 2D diffraction patterns were observed in the high-pressure region (Fig. A4 in
Appendix II), indicating a pressure-induced enhancement of the lattice strain. All of these
factors may interactively affect the phase stabilities and thus the extent of
transformations.
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Figure 6.3 Rietveld refinement of the X-ray diffraction patterns for GaN nanowires at (a)
65 GPa on compression and (b) 20.9 GPa on decompression. The red cross is experimental
X-ray intensity and the green line is the calculated diffraction patterns based on refinement
with the blue curve at the bottom showing the difference between the calculated and
observed intensities. The vertical bars denote the indexed reflections for each phase with the
space groups labeled beside. The characteristic reflection for the cubic rocksalt phase is
labeled as c-(2 0 0). Rietvled refinement of X-ray patterns at near ambient pressure (e.g., 0.5
GPa) and pressure (e.g., 50.7 GPa) right before the phase transition can also be found in
Fig. A5 and A6 in Appendix II.
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An interesting and unusual phase transformation was observed during decompression.
Upon releasing the pressure from 65 GPa, the abundance of the rocksalt phase was found
to increase significantly. For instance, Rietveld refinement (Fig. 6.3b) suggested that the
fraction of the rocksalt phase had increased from 12 % at 65.0 GPa to 29 % at 20.9 GPa
upon releasing the pressure. Below 20.9 GPa, the rocksalt phase gradually retransformed
to the wurtzite phase, and was retained even at very low pressures (e.g., < 16.4 GPa). The
recovered phase at ambient pressure can be identified as a single wurtzite phase, but the
significantly broadened diffraction pattern suggests a pressure-induced reduction of the
grain size, consistent with the SEM result (Fig. 6.1b). All of the previous studies found
that the B4 - B1 phase transformation was reversible for both bulk GaN and
nanocrystalline GaN4,8,12 indicating that the wurtzite phase was thermodynamically stable
in the low pressure region. However, the strongly contrasting, unprecedented
decompression behavior of the GaN nanowires characterized by a large hysteresis,
suggests that the rocksalt phase is a metastable phase. Prominent hysteresis was likely
associated with different kinetic barriers that impeded the sharp transitions often
involving a metastable phase.21
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Figure 6.4 Unit cell volume as a function of pressure for GaN nanowire (open squares) in
comparison with that for bulk and nanocrystal GaN. Solid lines are fitted EOS curves for
bulk GaN using bulk moduli of 187 GPa (bulk1) and 237 GPa (bulk2) from Ref. 9 and 7
respectively. The dashed line is fitted EOS curve for nanocrystalline GaN using bulk
modulus of 319 GPa from Ref. 9.

Finally, the unit cell volume of GaN nanowires for the wurtzite phase was plotted
against the pressures shown in Fig. 6.4 in comparison with previous studies. The P-V
curve of GaN nanowires exhibited a noticeable discontinuity in the pressure region of 11
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– 20 GPa. The previously established equation of states (EOS) for bulk GaN (B0 = 187 –
237 GPa)7,9 and for nanocrystalline GaN (B0 = 319 GPa)9 suggest that the bulk modulus
for GaN nanowires in the pressure region above 20 GPa can be estimated to be
somewhere in between, consistent with that an increase in the surface area may enhance
the bulk modulus. This observation can be further understood from the fact the GaN
nanowires break into nanoparticles when the external stress surpasses the yield strength at
around 20 GPa, resulting in the size-induced enhancement of the bulk modulus. The
correlation between the reduction of the particle size and the increasing bulk modulus has
been found in other nanomaterials, such as AlN nanocrystals.23 A similar discontinuity
was also found in the P-V curve for nanocrystalline CeO2.24 However, a decrease in the
bulk modulus of nanocystalline CeO2 was found above ~ 20 GPa, a pressure that was
believed to signify the onset of a size-induced weakening of the elastic stiffness of
nanocrystalline CeO2. Therefore, the discontinuity in the EOS for both nanocystalline
CeO2 and GaN nanowires can be understood from the nano-size effect while the different
shapes of the EOS curves may be associated with opposite pressure-induced changes in
particle size. It is probable, too, that the P-V behavior observed in the region of 11 – 20
GPa is associated with the combined effect of the original nanowires and the yieldgenerated nanoparticles. The high yield strength observed in the GaN nanowires thus
furthers the understanding of the morphology-tuned improvement in yield strength and
hardness in hard materials applications. Moreover, the choice of silicone oil as the
pressure-transmitting medium may also contribute to the discontinuity observed in the PV curve. An anomalous behavior inherent in silicone oil at ~ 12 GPa, which is believed to
be the result of phase transition,25,26 seems to have further complicated the abnormal
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behavior of GaN nanowires in the pressure region of 11 – 20 GPa. It would therefore be
interesting to use better pressure transmitting media, such as helium, to study the
compressibility of GaN nanowires under hydrostatic conditions.

6.4 Conclusions
In summary, we have investigated the high-pressure structures and properties of the
one-dimensional nanostructured GaN using X-ray diffraction. A wurtzite to rocksalt
phase transformation was observed to start at 55 GPa but was still far from complete even
at pressures of up to 65 GPa. Upon decompression, the abundance of the rocksalt phase
was found to first increase and then to decrease until the ambient pressure was reached, at
which time only the wurtzite phase was recovered, indicating a reversible transformation
but with a large hysteresis. A discontinuity in the EOS for GaN nanowires was found in
the pressure region of 11 – 20 GPa. These abnormal pressure behaviors of GaN
nanowires were compared with those obtained in previous high pressure studies of bulk
and nanocrytalline GaN and can be attributed to the nano-size and morphologydependent thermodynamic and kinetic properties of the GaN nanowires with the
additional complication of the nonhydrostatic conditions.
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Chapter 7 Pressure-Induced Structural Transformations
of Anatase TiO2 Nanowires by Raman Spectroscopy and
Synchrotron X-ray Diffraction
7.1 Introduction
Titanium dioxide (TiO2), or titania, is a well known semiconductor with a wide band
gap. At ambient condition, it has rich structures (as seen in Fig. 7.1), such as rutile (space
group P42/mnm), anatase (space group I41/amd), brookite (space group Pbca), and PbO2 (space group Pbcn). Accordingly, TiO2 has versatile physical and chemical
properties, and is extensively used in high efficiency solar cells,1,2 photocatalysis,3 and
super-hard materials,4 etc. However, specific to a particular application, the preferred
structure is different. For instance, anatase TiO2 is found to be more active than rutile in
photocatalysis applications,5 but rutile TiO2 possesses better photo-absorption property in
the visible light range.6 Nanostructured TiO2 has demonstrated improved performance in
photocatalysis, electrochemistry, and photovoltaic.7,8 Especially for photocatalysis
applications, superior properties have been obtained in one dimensional (1D)
nanostructured TiO2 such as nanowires, nanofibers and nanoribbons.9-12
With the development of synthetic techniques of nanomaterials, such as chemical vapor
deposition (CVD), electrochemistry, and hydrothermal methods, etc., TiO2 nanomaterials
of various morphologies (e.g., nanoparticles, nanoribbon, nanowires and nanotubes) have
been synthesized successfully.11,13-19 In addition to tuning structures and morphology of
nanomaterials via these well established synthetic routes, high pressure provides an
external driving force to produce new structures. Thus, exploring new structures with the
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means of high pressure has received increasing attentions. To date, pressure-induced
structural transformations have been observed in many nanomaterials (i.e., ZnS,20
CdSe21,22 and CeO223, etc.). Additionally, our previous studies of 1D nanostructured
SnO2,24 BN25 and GaN26 suggest that pressure can be also used to tune the morphology.
Therefore, bulk TiO2 as well as its corresponding nanomaterials has been extensively
investigated under high pressure both experimentally and theoretically.27-37
Among the various structures of TiO2, anatase and rutile are the most promising phases
in advanced technical applications. Therefore, most high-pressure studies are carried out
on TiO2 in either anatase or rutile phase. The early high-pressure study of anatase TiO2
showed that a new phase was formed at ~ 4.3 GPa using Raman spectroscopy, but
without identifying its crystal structure.30 Later, X-ray diffraction investigations
demonstrated that this new high-pressure phase had an -PbO2 type structure.28 So far, it
has been well known that bulk TiO2 undergoes a phase transition sequence from either
anatase or rutile phase to -PbO2 phase, and then to baddeleyite phase (space group
P21/c) under high pressure.27-34 However, this phase transition sequence was not
applicable to nanostructured TiO2. For instance, the -PbO2 type phase was observed
missing from the compression in TiO2 nanoparticles, which was obtained later upon
decompression.27,36,37
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Figure 7.1 Crystal structures of TiO2. a: anatase phase (space group I41/amd); b:
TiO2-B phase (space group P21/m); c: -PbO2 phase (space group Pbcn).; d:
baddeleyite phase (space group P21/c). The red and blue balls stand for the O atoms
and Ti atoms, respectively.

Although TiO2 nanoparticles have been studied extensively under high pressure, their
high-pressure behaviors, in terms of phase transition pressure, compressibility and phase
stability are variable. For instance, both crystalline phase to crystalline phase transition
and pressure-induced amorphization were observed in TiO2 nanoparticles under high
pressure.27,34,36-38 Such a large discrepancy was believed due to the variation in the grain
size of the nanoparticles. Thus, several systematic studies were carried out focusing on
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the size effect on high-pressure behaviors of TiO2 nanoparticles. Swamy et al. reported a
critical size of 10 nm existing in TiO2 nanoparticles.38 When the particle size is larger
than the critical size, the nanoparticles will undergo the anatase to baddeleyite phase
transition directly; otherwise pressure-induced amorphization will occur. Besides the
particle size, morphology also plays an important role in affecting the high-pressure
behaviors of nanomaterials, especially in 1D nanomaterials.24-26 However, in contrast to
the extensive investigations of TiO2 nanoparticles, TiO2 nanowires were sparsely
investigated under high pressure.
In this work, a comparative high-pressure study was carried out on anatase TiO2
nanowires with various widths using in-situ Raman spectroscopy and synchrotron X-ray
diffraction. Through this study, we attempt to understand the size- and morphologyeffect on high-pressure behaviors of TiO2 nanowires. In addition to our previous studies
of other 1D inorganic materials, the pressure-morphology tuning effect was further
investigated, which could shed a new light in searching for new structures and properties.

7.2 Experimental section
TiO2 nanowires were prepared using the hydrothermal method.15,18 Commercial anatase
TiO2 nanoparticles with a size of ~ 25 nm were used as the starting material. In a typical
preparation procedure, 1 g of TiO2 white powders was placed into a Teflon-lined bottle
with a capacity of 60 ml. Then, the Teflon bottle was filled with 40 ml NaOH aqueous
solution with the molarities varied from 10 M to 11 M, and then sealed into a stainless
steel autoclave and maintained at a temperature of 200 °C for 24 h without shaking or
stirring. After the autoclave was naturally cooled to room temperature, the obtained
samples were sequentially washed with diluted HCl aqueous solution, deionized water,
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and anhydrous ethanol alternatively until pH = ~ 7. The after-washed samples were dried
at 70 °C for 6 h in air atmosphere, at which step the obtained products were white soft
fibrous powder. Finally, the obtained samples were post-heated in air atmosphere at 650
°C for 2 h.
Microstructures of the as-synthesized samples were examined by SEM/EDX (LeoZeiss 1540XB FIB/SEM). The crystal structures of the as synthesized products were
examined by X-ray diffraction on a Rigaku diffractometer equipped with a graphite
monochromator using Co K radiation ( = 1.7902 Å).
The diamond anvil cell used in this study has a pair of type I diamonds with a 250 m
culet. A hole with a diameter of 80 m was drilled on a stainless steel gasket and used as
the sample chamber. Silicone oil was used as the pressure transmitting medium (PTM)
for Raman measurements, whereas neon gas was loaded as the PTM for X-ray diffraction
measurements.
Raman experiments were carried out using a customized micro-Raman spectroscopy
system in the Song laboratory. The wavelength of the laser was 488 nm. In-situ angledispersive X-ray diffraction measurements were carried out at room temperature at the
16ID-B beamline at the Advanced Photon Source. The incident wavelength of the
monochromatic beam was 0.3980 Å. Detailed information regarding to the instruments
can be found in Chapter 2.
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Figure 7.2 SEM images of TiO2 nanowires taken before (a and b) and after (c and d)
compression. a and b are SEM images for NW1, while c and d are the SEM images
for NW2.

7.3 Results and discussion
7.3.1 Characterization of TiO2 nanowires
SEM images of two as synthesized TiO2 nanowires, NW1 and NW2, were shown in
Fig. 7.2 a and c, which suggested NW1 and NW2 had distinctive widths of 50 – 100 nm
and 150 – 250 nm, respectively. Lengths for both samples were estimated to be 10 – 12
19
m. The anatase phase of TiO2 has a space group of D4h
(I41/amd, Z=2). According to

the factor group analysis, 15 optical modes with the following irreducible representation
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of normal vibrations were predicted: 1A1g + 1A1u + 2B1g + 1B2u + 3Eg + 2Eu, among
which six modes (A1g+2B1g+3Eg) were Raman-active and three modes (A1u+2Eu) were
infrared-active.30
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Figure 7.3 Raman spectra for as-made TiO2 nanowires collected at ambient
condition. Spectra a and b represent NW1 and NW2, respectively. All the Raman
peaks are assigned to the anatase phase and labeled according to Ref. 33. The inset
is the representative XRD pattern (black color) of synthesized TiO2 nanowires in
comparsion with standard XRD pattern of anatase TiO2 (red color).

Raman spectra for both products, as seen in Fig. 7.3, contained 5 Raman peaks, which
were assigned to Eg(1) (143 cm-1), Eg(2) (197 cm-1), B1g(1) (396 cm-1), A1g + B1g(2) (515 cm1

) and Eg(3) (639 cm-1), respectively, consistent with the anatase phase. The numbers
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labeled in the brackets of the subscripts were used for distinguishing peaks with the same
Raman mode. Compared to bulk TiO2, the Raman peaks shifted to higher frequency (as
listed in Table 7.1), which might be due to the deviations from the stoichiometry known
to affect both Raman peak positions and bandwidths.39 Furthermore, the typical powder
X-ray diffraction pattern (inset of Fig. 7.3) also confirmed the synthesized products were
in the anatase phase with minor TiO2-B (space group P21/m).

7.3.2 Raman results of NW1 upon compression and decompression
Selected Raman spectra of NW1 collected upon compression at a pressure of up to 36.7
GPa were shown in Fig. 7.4. Upon compression, all the Raman modes shifted to higher
frequencies except for the Eg(2) mode, which exhibited a red shift before its disappearance
at 6 GPa. The anatase phase persisted to 12.3 GPa indicated by the consistent assignment
of all the characteristic Raman modes of the anatase phase. Beyond 12.3 GPa, new
Raman peaks at 214, 244, 313, 459 and 491 cm-1 were observed, denoting the onset of a
phase transition. Compression beyond 12.3 GPa resulted in the reduced intensity of all
the Raman peaks associated with the anatase phase. These Raman peaks were depleted
above 19.9 GPa, indicating the completion of the phase transition. As listed in Table 7.1,
the Raman peaks of the observed high-pressure phase were consistent with those of the
baddeleyite phase,31,32 suggesting the structure of the new phase. In contrast to bulk TiO2,
the -PbO2 phase was missing from compression. At 36.7 GPa, the Raman profile was
significantly broadened but characteristic Raman peaks of baddeleyite phase, such as
peaks originally appeared at 244 and 491 cm-1, can still be identified, which suggested
pressure-induced disorder occurred instead of pressure-induced amorphization.
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Figure 7.4 Selected Raman spectra for NW1 upon compression and decompression.
Pressures in GPa are labeled for each spectrum. The red and blue arrows indicate the
compression and decompression sequence, respectively. The black arrows represent new
Raman peaks of the new phase. All the spectra are offset vertically for clarity.
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Table 7.1 Raman shift (cm-1) for TiO2 nanowires for phases involved upon compression and decompression (anatase,
baddeleyite and -PbO2 phase) in comparison with references.
anatase phase
Raman
modes
Eg(1)
Eg(2)
B1g(1)
A1g+B1g(2)
Eg(3)

a

bulk1a
137.8
193.2
392.6
513.7
635.6

this workc
NW1
NW2
142.4
143.1
196.6
196.9
395.9
396.9
514.5
514.9
638.5
639.4

baddeleyite phase
reference
this workd
bulk1a
bulk2b
NW1
NW2
209.6
206
204.4
203.7
218.7
213.6
218.7
238.1
237
234.5
237.4
266.0
266
261.1
262.2
283.4
281
279.4
282.0
325.5
323
321.5
325.0
375
393.4
385
381.2
439.3
435
432.8
430.5
455.0
448
444.9
440.2
492.0
482.8*
485.7*
501.2
502
497.9
503.0
527.6
562
539.0
540.0
670.5
658
651.1
658.8
726.6
714
710.6
710.2
767.2
737

Ref. 32. b Ref. 31.
Spectra taken at ambient condition.
d
Spectra taken at 19.9 GPa and 23.8 GPa upon compression for NW1 and NW2, respectively.
e
Spectra taken after pressure was completely released.
* Shoulder peaks.
c

-PbO2 phase
reference
this worke
bulk1a bulk2b
NW1
NW2
128
108.7
145.3
152
150.4
150.6
170*
169.4
171
173.0
174.0
214
269*
265.3*
283.4
285
285.9
286.8
310.9
314
313.9
314.1
335.2
339
338.6
338.2
351.9
358
354.0
354.9
406.7
408.3* 405.3*
424.0
426
426.8
427.4
440.9
443*
445.6* 451.5*
486.6
528.0
531
538.4
537.8
567.4
570
568.4
570.3
609.1
602
608.1
609.9
811
664.2
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The reversibility of pressure effect on crystal structures provides important information
on transformation mechanism. Therefore, after compressed to 36.7 GPa, Raman
measurements of NW1 were also conducted upon decompression (Fig. 7.4). In general,
intensity of all the Raman peaks increased gradually as the pressure was releasing. At 8.2
GPa, the appearance of new peaks at 180 and 376 cm-1 indicated a phase transition
occurred. Compared to the compression data in the entire pressure region, these new
peaks were different from either the anatase phase or the baddeleyite phase, implying a
new structure formed upon decompression. Below 2.9 GPa, Raman peaks associated with
baddeleyite phase were completely suppressed, indicating the baddeleyite phase was a
meta-stable phase and was only stable under high pressure (e.g., > 2.9 GPa). The new
phase was quenched to ambient condition. This new phase was the -PbO2 phase which
was bypassed during compression, because all the Raman peaks observed at the near
ambient pressure were consistent with those of -PbO2 phase as listed in Table 7.1.27-34
Upon decompression, no Raman peak of anatase phase was retrieved suggesting that the
anatase to baddeleyite phase transition was irreversible. Morphology of the recovered
sample was also examined. As can be seen in Fig. 7.2 b, the nanowires were significantly
altered with no wire shape preserved. Such an alternation of the morphology further
supported that the phase transformation observed upon compression was irreversible.

7.3.3 Raman results of NW2 upon compression and decompression
In order to investigate the size effect on high-pressure behaviors of TiO2 nanowire,
NW2, which had a larger width of 150 – 250 nm, was also studied under high pressure.
The selected Raman spectra upon compression and decompression were depicted in Fig.
7.5. Upon compression, pressure-induced blue shifts for all the Raman modes were
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observed including the Eg (2) mode which exhibited a red shift in NW1. At 10.9 GPa,
several weak peaks appeared at 242, 313, 445 and 491 cm-1, characteristic of the
baddeleyite phase denoting the occurrence of the anatase to baddeleyite phase transition.
Upon further compression, these weak peaks, especially the peak at 491 cm-1, were
clearly discerned at pressure of 14.0 GPa and beyond. The phase transformation
completed at 23.8 GPa, illustrated by the depletion of all the characteristic Raman peaks
associated with anatase phase. A significantly broadened Raman profile, similar to that of
NW1 at 36.7 GPa, was observed at 29.9 GPa, further supported that the high-pressure
baddeleyite phase was disordered.
During decompression, intensity of all Raman peaks became intense. The baddeleyite
to -PbO2 phase transformation was observed to start at 10.7 GPa and to complete at 3.5
GPa, indicated by the apparent change of Raman profiles. The recovered sample was in
the pure -PbO2 phase, since all the remained Raman peaks were consistent with those
for -PbO2 phase (Table 7.1). The SEM image (Fig. 7.2d) of the recovered NW2
illustrated a similar morphology as the recovered sample of NW1, which indicated that
the phase transition was irreversible regardless of the size.
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Figure 7.5 Selected Raman spectra for NW2 upon compression and decompression.
Pressures in GPa are labeled for each spectrum. The red and blue arrows indicate the
compression and decompression sequence, respectively. The black arrows represent new
Raman peaks of the new phase. All the spectra are offset vertically for clarity.
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7.3.4 X-ray diffraction results of NW1 and NW2
In-situ high-pressure X-ray diffraction measurements were performed on NW1 and
NW2 upon compression up to 33 GPa. Representative diffraction patterns were depicted
in Fig. 7.6. As mentioned before, both NW1 and NW2 were in the anatase structure with
minor TiO2-B phase. As seen in Fig. 7.6, when the pressure was increased to 13.3 GPa,
NW1 was still in the same phases as its starting phase, since all the prominent reflections
can be indexed to the anatase and TiO2-B. In contrast, at 12.6 GPa, two reflections, (1 1 1) and (1 1 1), associated with the baddeleyite phase were already observed in NW2,
suggesting the baddeleyite phase formed at a relative lower pressure in NW2 than in
NW1, consistent with our Raman results. At the highest pressures of 33.3 and 32.3 GPa,
the baddeleyite phase became the main phase for both samples as almost all the
reflections were indexed with the baddeleyite structure. However, reflections for both
samples were significantly broadened, indicating the poor crystallinity of the highpressure phase. However, reflections of the baddeleyite phase could still be discernible,
suggesting the samples were still in a crystalline phase instead of an amorphous phase. It
was noticed that the starting materials contained the TiO2-B impurity, which was no
longer observed in the high-pressure phase. Liu et al. reported that TiO2-B nanoribbon
underwent a pressure-induced amorphization at 13.6 GPa.40 Therefore, it is possible that
the TiO2-B phase transformed to an amorphous phase at the highest pressures achieved in
this study.

131

Table 7.2 Summary of the results of high-pressure studies of anatase TiO2
phase transitions pressure (GPa)

starting TiO2
morphology

size (nm)
> 100 m

Bulk

anatase to
-PbO2
type
4.3 – 4.6a
~ 5b
5.4c
4.5 – 7d
4.5e

-PbO2
type to
baddeleyite

anatase to
baddeleyite

bulk modulus (GPa)
anatase to
amorphous

anatase
phase

baddeleyite
phase

technique
Raman

12 – 15
~ 10
13 – 17
~ 13

59 (5)

522 (28)

179

290

243 (3)
266.5
188.3

127.8
114.8

f

4
> 24
8f
> 21
> 24
7 – 11g
Nano
12b
~ 18
-particles
20f
15 – 16
32f
11 – 15
e
30 – 34
18 – 20
~ 14
50
–
100
Nanowire h
~9
150 – 250
a
Ref. 32. b Ref. 27. c Ref. 28. d Ref. 32. e Ref. 34. f Ref. 38. g Ref. 44. e Ref. 38. h this work.

XRD
Raman
XRD
Raman
Raman
Raman
Raman
Raman
Raman
XRD
Raman &
XRD

TiO2-B
13.3 GPa
(111)

(11-1)

(110)

NW1
(011)

Intensity (arb. unit)
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32.3 GPa
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2(degree)
Figure 7.6 Representative X-ray diffraction patterns for NW1 in comparison with NW2 at
similar pressures. The vertical bars in magenta color represent for the indexing of
baddeleyite phase, while the blue vertical bars represent the indexing for anatase phase.
Miller indices for reflections of baddeleyite phase are also labeled for the X-ray pattern at
12.6 GPa.

7.3.5 Discussion
Upon compression, a phase transformation sequence of anatase to -PbO2 phase, and
then to baddeleyite phase has been well documented in the bulk TiO2.27-34 In this study,
however, the -PbO2 phase was bypassed in both nanowires. The same scenario was also
observed in TiO2 nanocrystals.27,36,37 There were several attempts to explain why -PbO2
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was hindered in TiO2 nanoparticles.27,36,37 According to the interpretations in the
references,27,36,37 the missing -PbO2 phase in nanocrystals might be due to the increased
surface energy of nanocrystals comparing to their bulk counterparts. Thus, the missing of
the -PbO2 phase during the compression in NW1 and NW2 suggested both samples had
higher surface energy than their corresponding bulk materials.
The pressure dependences of characteristic Raman modes of NW1 and NW2 were
plotted in Fig. 7.7. It clearly showed that the anatase to baddeleyite phase transition
occurred in NW1 at 13 GPa, which was significantly enhanced in contrast to the phase
transition pressure of 9 GPa in NW2. Similar size-induced enhancement of the phase
transition pressure was also observed in other nanomaterials, such as nanocrystals (e.g.,
CdSe,22 ZnS20 and PbS41), as well as 1D nanomaterials (e.g., GaN nanowires,26 SnO2
nanowires and nanobelts,24 ZnO nanotubes42 and BN nanotubes25). However, some oxide
nanocrystals, such as CeO223 and -Fe2O343, exhibited reduced transition pressures. In
general, such variations of transition pressure were due to the competition between the
volume collapse and surface energy difference which contributed most to the change of
Gibbs free energy.

24,43,44

In NW1and NW2, the unit cell volume were found to be

reduced by 14.2% and 13.5%, respectively, at the transition pressures. Thus the volume
collapse ratio between these two nanowires can be negligible within the experimental
tolerance. Therefore, the surface energy difference became the main factor that
contributed to the different transition pressures of NW1 and NW2. In addition, increasing
surface energy leaded to an enhanced transition pressure.24,43,44 In this study, the
transition pressure observed in NW1 was higher than NW2. Therefore, we speculated the
surface energy of NW1 was higher than that of NW2.
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Figure 7.7 Pressure dependence of the Raman modes for NW1 and NW2 upon
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Figure 7.8 FWHM of Raman mode Eg(1) as a function of pressure for NW1 and NW2. Solid
triangle and circle symbols represent data for NW1 and NW2, respectively. The solid lines
are only for eye guidance. Arrows indicate the first (P1: black) and second (P2: blue) turning
points for each TiO2 nanowires. The inset is the pressure dependence of Eg(2) Raman mode
for NW1 and NW2. Size of the symbols indicates the error bar for each data point.

For both samples, as shown in Fig. 7.7, all the Raman modes shifted to higher
frequencies upon compression, except for the Eg(2) mode of NW1 which exhibited a red
shift with a negative slope of -0.38 cm-1/GPa. Differing from NW1, this Eg(2) mode for
NW2 firstly exhibited a red shift below 2 GPa and then blue shift before its

136

disappearance at ~ 5 GPa (inset of Fig. 7.8). The red shift of the Eg(2) mode was believed
to be associated with the anatase to -PbO2 phase transformation, however, the
mechanism was still unclear.30,33,35 The bandwidth of the most intense Eg(1) mode for both
samples were plotted in Fig. 7.8 as well. Both samples had two turning points P1 and P2.
The P1 and P2 of NW1, at 6 GPa and 13 GPa, were in coincidence with the disappearance
pressure of Eg(2) mode and the onset anatase to baddeleyite phase transition pressure,
respectively. In NW2, the pressure at P2 was the same as its phase transition pressure,
however, pressure at P1 corresponded to the pressure where the red shift of the Eg(2) mode
ended (inset of Fig. 7.8). Both samples had a pressure region in which the Eg(2) mode
showed a red shift, and missed the -PbO2 phase upon compression. As mentioned
above, the red shift of the Eg(2) mode was highly likely associated with the formation of
the -PbO2 phase.30,33,35 Therefore, it was likely that the phase transformation in TiO2
nanowires followed a three stage process, which involved the competition between
formations of the -PbO2 phase and baddeleyite phase. At the first stage (0 – P1), where
red shift of the Eg(2) mode was observed, TiO2 nanowires followed the anatase to -PbO2
phase transition route. However, due to the increased surface energy of nanowires, a
higher energy barrier may existed in forming the -PbO2 structure, leading to inhibition
of the -PbO2 phase.44 Therefore, before the -PbO2 phase eventually formed, the
baddeleyite phase became the more energetically favored structure and competed with PbO2 phase at the second stage (P1 – P2). At the third stage (> P2), the phase
transformation followed anatase to baddeleyite phase route, where the bandwidth of the
Eg(1) mode increased much faster than the first two stages.
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Figure 7.9 Equation of state for anatase and baddeleyite phases in NW1 and NW2 upon
compression. The blue dashed line is the equation of state for anatase and baddeleyite
phases in bulk TiO2 accepted from Ref. 28, while the black dashed line is the equation of
state for TiO2 nanocrystals adapted from Ref. 34.

In addition, compressibility for both samples was also examined. The unit cell volumes
for anatase and baddeleyite phases of NW1and NW2 were plotted as function of pressure
in Fig. 7.9, and their P-V curves were fitted using the third order Birch-Murnaghan
equation by fixing the B0' at 4. The obtained bulk moduli (B0) were summarized in Table
7.2 in comparison with reference values. The B0 values of both anatase and baddeleyite
phase (266.5 GPa and 127.8 GPa, respectively) for NW1 were higher than those for NW2
(188.3 GPa and 114.8 GPa, respectively). Comparing to TiO2 nanocrystals and the
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corresponding counterparts, NW1 had a similar bulk modulus to that for the nanocrystals,
while NW2 was close to that for bulk materials. The width of NW2 (150 – 250 nm)
approached to the size for bulk materials. Hence, the nano-effect became less prominent
and exhibited a similar behavior to its bulk counterpart. Moreover, the impurity in the
samples may also contribute to such low bulk moduli. B. Chen’s study reported a critical
grain size of 15 nm existed in TiO2 nanoparticles, beyond which bulk modulus increases
as the grain size decreases, and versa vice.45 In this study, the nanowires exhibited an
enhanced B0 as the width of nanowires decreased. Thus, if there was a critical size in
TiO2 nanowires, we speculated that this critical size would be much lower than the
widths of our samples.

7.4 Conclusions
Two synthesized TiO2 samples, NW1 and NW2, were investigated under high pressure
using in-situ Raman spectroscopy and synchrotron X-ray diffraction. Upon compression,
both samples underwent a phase transformation from anatase to baddeleyite phase
without via the -PbO2 phase. However, the phase transition occurred at a higher
pressure of 13 GPa in NW1 than that in NW2 of 9 GPa. Such size induced enhancements
of phase transition pressures was understood in parallel with other nanomaterials
interpreted by examining the thermodynamical function. Upon decompression, the PbO2 phase missing from the compression was obtained and quenched to ambient
condition. Explanation for the inhibition of the -PbO2 phase upon compression was also
discussed in terms of surface energy. A three stage process was proposed for the possible
anatase to baddeleyite phase transformation route. Moreover, compressibility for both
anatase and baddeleyite phases was also studied. For the anatase phase, NW2 exhibited a
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similar behavior as the bulk counterpart, where NW1 behaved more similarly as
nanocrystals.
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Chapter 8 Pressure-Induced Structural Transformations
of ZnO Nanowires Probed by X-ray Diffraction*
8.1 Introduction
As an important wide band gap semiconductor (Eg = 3.37 eV), ZnO has a wide range of
applications, such as in piezoelectric transducers, chemical sensors, optical coatings,
photovoltaics, and ceramics.1-3 In contrast to the corresponding bulk counterparts,
nanostructured ZnO has enhanced electronic, and photoconducting properties.4,5 Because
of the unique crystal quality and photonic properties, in particular, one dimensional (1D)
ZnO nanomaterials have been used as functional units in the fabrication of electronic,
piezoelectronic, electrochemical, and highly sensitive gas sensors with nanoscale
dimensions.6-8 Therefore, an increasing research effort has been focused on
nanostructured ZnO, especially in exploring new structures, properties, as well as
synthetic methods. In addition to the traditional synthetic and fabrication routes, external
pressure can provide an alternative effective driving force to tune the structures and thus
the properties of the nanostructured materials.9 Therefore, investigations of the structural
and phase transformations of nanomaterials under high pressure represent a prevailing
materials research frontier.10-13 One of the most interesting observations in those studies
is that the compressed nanomaterials behave significantly differently than their
corresponding bulk counterparts under pressure. For example, our previous studies on 1D
nanomaterials (e.g., SnO2 nanowires and nanobelts,11 GaN nanowires,10 and BN
*

The content of this chapter has been published as: Dong Z., Zhuravlev K. K., Morin S., Li L., Jin S., and
Song Y., J. Phys. Chem. C, 2012, 116, 2102.
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nanotubes12) have demonstrated profound implications for producing controlled
structures by combined pressure-morphology tuning.
Under ambient conditions, ZnO has a wurtzite-type (B4) structure (space group P63mc)
regardless of the morphologies.14-17 The wurtzite phase transforms to a rocksalt-type (B1)
phase (space group Fm 3 m) upon compression to some certain threshold pressure (e.g.,
>8.8 GPa).18 This B4-to-B1 phase transition in ZnO has been extensively investigated
using different experimental and theoretical approaches,13,14,17,19-25 but the transition
pressure varies in a broad range depending on the morphology of ZnO as well as other
experimental conditions. For instance, it was well-established that the B4-to-B1 phase
transition for bulk ZnO takes place at ∼ 9 ± 0.2 GPa.19,23-25 However, the transition
pressure for ZnO nanocrystals falls in the broad range from 10.5 to 15.1 GPa as the grain
size of the nanocrystals varies from 50 to 12 nm.13,14,17,20-22
In contrast to bulk ZnO and nanocrystals, which have been extensively studied, only a
few high-pressure studies have been carried out on 1D ZnO so far. Hou et al. reported a
high-pressure study on ZnO nanotubes showing that the B4-to-B1 phase transition took
place at 10.5 GPa, the same as ZnO nanocrystals with a grain size of 50 nm. However,
the pressure at which the transformation is completed (i.e., 18.4 GPa)16 was significantly
higher than that for bulk ZnO18 and ZnO nanocrystals21 (i.e., 13 and 15 GPa,
respectively). In addition, Yan et al.26 examined the doped ZnO nanowires with Raman
spectroscopy under high pressures. A phase transformation was claimed between 10.3
and 12.2 GPa, but no detailed structural information was provided. The results of all of
these high-pressure studies on nanostructured ZnO are summarized in Table 8.1 together
with some representative studies on bulk ZnO.
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In this Article, we report the first high-pressure study of ZnO nanowires using the
synchrotron X-ray diffraction technique. Starting with laboratory synthesized ZnO
nanowires, we compressed the nanomaterials to high pressures of up to 26 GPa, followed
by decompression. The quantitative analysis of the diffraction patterns revealed new and
interesting structural information that allows for the understanding of the high-pressure
behavior of ZnO nanowires as well as the associated transition mechanisms.

8.2 Experimental section
ZnO nanowires were synthesized in a continuous flow reactor by mixing equimolar
precursor solutions of Zn (NO3)3·(H2O)6 and hexamethylenetetramine (HMT) both at a
concentration of 100 M and a temperature of 95 ℃. This catalyst-free growth of
nanowires was driven by screw-dislocations,27 and the detailed apparatus, synthetic
procedures, as well as the experimental parameters that control the morphologies of ZnO
nanowires have been reported elsewhere.28 The scanning electron microscope (SEM)
images (Fig. 8.1 a) revealed that the ZnO had a very good wire morphology and
uniformity with an average length of 3 to 4 m and width of 50 – 100 nm.
The DAC used in this work had a pair of type-I diamonds with a culet size of 400 m.
A preindented stainless-steel gasket drilled with a 130 m hole at the center was used as
the sample chamber. Neon gas was compressed into the DAC with the sample by a
special gas-loading system and was used as the pressure-transmitting medium to maintain
the hydrostatic conditions. A motorized gear box was also employed to regulate the
pressure with fine increments.
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Figure 8.1 SEM images of ZnO nanowires before (a) and after compression (b). The
inset of (a) shows a larger scale image of the nanowires.

In-situ angle-dispersive X-ray diffraction measurements were carried out at room
temperature using the 16ID-B beamline of the HPCAT at the Advanced Photon Source.
The incident wavelength of the monochromatic beam was 0.4072 Å. The exposure time
for each XRD pattern was 60 s; then, the 2D Debye-Scherrer diffraction patterns were
integrated by using the Fit2D program. A detailed Rietveld analysis was performed using
the GSAS package. The XRD experimental setup can be found in Chapter 2, and detailed
information regarding the data analysis was included in Appendix I and III.

8.3 Results and discussion
X-ray diffraction measurements were performed on ZnO nanowires on compression of
up to 26.4 GPa followed by decompression. The selected X-ray patterns are depicted in
Fig. 8.2. All diffraction reflections at the near ambient pressure can be indexed to the
known B4 structure with lattice constants of a = b = 3.2517 Å and c = 5.2006 Å,
consistent with the previous diffraction measurement of ZnO.26 Upon compression, the
B4 phase was found to persist to 12.9 GPa, as indicated by the consistent indexing of all
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reflections associated with this phase. At 1 .

Pa, a new reflection appeared at 10.8

1

with discernible intensity, which can be indexed as (2 0 0) for the B1 phase, indicating
the onset of the wurtzite-to-rocksalt phase transformation. This onset phase transition
pressure is significantly higher than that observed in the ZnO nanocrystals, nanotubes, or
the corresponding bulk material in general, as shown in Table 8.1. Then, the B4 and B1
phases coexisted when compressed, even to 22.4 GPa. The Rietveld analysis (Figure 8.3
a) indicates that at this pressure the initial B4 phase still has a significant abundance of
∼35%. Upon further compression, the wurtzite-to-rocksalt phase transition was
completed at 24.1 GPa, as suggested by the disappearance of all diffraction reflections
associated with the B4 phase. We note that both the onset and especially the completion
pressure for the wurtzite-to-rocksalt transition are higher for ZnO nanowires in the
current study than those for bulk or nanocrystal ZnO previously studied (Table 8.1). The
ZnO nanowires were found to maintain the pure B1 phase up to 26 GPa, the highest
pressure achieved in this study. The rocksalt phase was reported to persist up to 200 GPa
before undergoing another phase transition.29,30 Therefore, no further compression was
carried out.
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Figure 8.2 Selected X-ray diffraction patterns of ZnO nanowires upon compression
to 26.4 GPa and decompression to ambient pressure. The pressures in GPa are
labeled. The solid and dash arrows indicate the compression and decompression
sequence, respectively.

148

Intensity (arb. unit)

(a) 22.4 GPa upon compression

Fm3m
P63mc

6

8

10

12

14

16

18

20

22

20

22

24

2 (degree)

Intensity (arb. unit)

(b) Recovered phase

Fm3m
P63mc

6

8

10

12

14

16

18

24

2 (degree)

Figure 8.3 Rietveld refinements of XRD patterns at 22.4 GPa upon compression (a)
and the recovered phase (b). The red cross is experimental X-ray intensity whereas
the green solid line is the calculated diffraction pattern based on refinement with the
black curve at the bottom showing the difference between the calculated and
observed intensities. The vertical bars with different color indicate the characteristic
reflections of different phases labeled in the front. Rietveld refinements of XRD
patterns at othe representative pressures are included in Appedix III.
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The differences in the pressure-induced phase transitions between nanostructured and
bulk materials have also been observed in other materials with either enhanced or
reduced transition pressures. Transition pressure enhancement has been observed in many
nanomaterials, such as nanocrystal (e.g., CdSe,31 ZnS,32 and PbS33) and 1D nanomaterials
(e.g., GaN nanowire,10 SnO2 nanowire and nanobelt,11 ZnO nanotube,16 and BN
nanotube12). However, some oxide nanocrystals, such as CeO234 and -Fe2O3,35 exhibited
reduced transition pressures. According to Jiang et al.,21 such variations of transition
pressure can be generally understood by examining the contributing thermodynamic
functions. The driving force of the structural transformation characterized by the change
in Gibbs free energy, G, between the involved phases, can be interpreted as the change
of three components: the ratio of volume collapse (PV), the surface energy difference
(A), and the internal energy difference (U).11 In most cases mentioned above, the
internal energy difference can be negligible for transitions involving solid phases. A
larger ratio of volume collapse is typically associated with the reduction in the transition
pressure,35 whereas increasing surface energy can contribute to the enhancement of
transition pressure.21 As a result, the directions in which the transition pressures shift
would be mainly determined by the competition between the volume collapse and surface
energy difference. In all high-pressure studies of ZnO, a volume collapse was estimated
to be around 16.5% at the transition pressure regardless of the morphologies.21 Thus, the
component of the ratio of volume collapse can be considered to contribute to the overall

G negligibly. Therefore, it can be inferred that the surface energy difference would be
the dominant factor leading to variations in the transition pressures of ZnO in different
forms. From Table 8.1, the enhanced transition pressures were observed for both
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nanocrystals and nanowires, and the values varied with the morphology and grain size
among these nanomaterials. The above analysis suggests that the surface energy increase
in nanocrystals and nanowires is associated with both the grain size and
nanomorphologies. After all, it can be inferred from the relative transition pressures that
the surface energy increases from nanocrystals of a large size (e.g., 50 nm) to nanowires
(< 100 nm) and then to nanocrystals with a small size (e.g., 12 nm).
In addition, the much higher completion pressure Pc for B4-to-B1 phase transition (i.e.,
24.1 GPa) can be attributed to the pressure-induced morphology tuning effect.10 Even
with a pressure-transmitting medium (i.e., the neon), the morphology of the nanomaterial
can be modified by the pressure, resulting in a broader distribution in morphology and
dimensions than the starting nanomaterials upon compression. The SEM images taken
before and after the compression (Fig. 8.1a, b) revealed that some ZnO nanowires were
converted to smaller nanoparticles under the compression. The modification of the
morphology with a broadened size (and thus surface energy) distribution in ZnO
nanowires could contribute to the extended phase stability region for the B4 phase and
thus the B4 - B1 coexistence region. Remarkably, it is noticed that a large number of the
recovered nanowires still preserve the wire shape (Fig. 8.1 b), in strong contrast to many
other metal oxide or nitride nanowires whose morphologies were subject to substantial
pressure modifications.10,11 Such preserved wire morphology together with the larger
bulk modulus (discussed later) implies the extreme toughness of the ZnO nanowires.
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Table 8.1 Summary of high-pressure studies of ZnO with different morphologies.
B4-to-B1transition pressure (GPa)
compressiona

pressure transmitting
morphology

dimension

Bulk

-----

Helium

Nanotube

f

Nanowireg

c
d

--Nanocrystal

medium
---b

decompression

bulk modulus (GPa)

Pi

Pc

P

B4 phase

B1 phase

---

8.7

2

183

228

8.8

12.8

3.2

135

178

Silicon oil

8.9

11.5

---

154

229

d

Silicon oil

10.5

13

---

151

221

e

12 nm

16:3:1 MeOH-EtOH-H2O

13.2

17.5

1.7

---

---

d:10 – 70nm

4:1 MeOH-EtOH

8.0 – 10.5

13.7 – 18.4

---

152

242

Neon

13.7

24.1

0.6

208

334

50 nm

w:50 – 100 nm

l:3-4 m
Pi and Pc indicate the starting and completion pressures of the phase transition, respectively. bRef. 24. cRef. 18. dRef. 14. eRef. 21. fRef. 16. gthis
work. hw: width. l: length.
h

a
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The backward phase transformation was also investigated. Upon decompression, the
B1 phase was found to persist to 0.6 GPa characterized by the reflections exclusively
associated with this phase (Fig. 8.2). Then, the recovery of the B4 phase was only
observed below 0.6 GPa or at near ambient pressure, as shown by some reflections
associated with the B4 phase in the diffraction pattern of the recovered material (Fig.
8.2). Compared with the forward transition pressure of 14.7 GPa, the much lower back
transformation pressure indicates a large hysteresis for the pressure-induced
transformations of ZnO nanowires. Such large hysteresis suggests that the high-pressure
B1 phase is a metastable phase because prominent hysteresis was typically associated
with different kinetic barriers that impede the sharp transition often involving a
metastable phase.10,11 Moreover, as indicated in Table 8.1, the backward transition
pressure of 0.6 GPa was significantly lower than that observed in bulk materials and
nanocrystals (i.e., 2.023,36 and 1.7 GPa,21 respectively). In addition, the B4-to-B1 phase
transition is completely reversible for bulk ZnO.23,36 However, in both nanocrystals21 and
nanowires, the metastable B1 phase can still be detected in the recovered sample as a
mixture with the B4 phase. Especially for the ZnO nanowire, the Rietveld refinement
(Fig. 8.3b) shows that the B1 phase still has an abundance of ∼10%. All of these
observations strongly demonstrate the possibility of producing specific structures or
phases by combined pressure-morphology tuning.
The compression curves of the ZnO nanowire for the B4 and B1 phases were plotted in
Fig. 8.4 in comparison with those for the ZnO nanocrystals and their bulk counterparts
previously studied.14,16,18,24 By fitting the third-order Birch-Murnaghan equation of state,
the bulk moduli (B0) of the B4 and B1 phases for the ZnO nanowire were determined to
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be 208 and 334 GPa, respectively, with the first derivative ( B0' ) being fixed at 4. As can
be seen, the bulk moduli of both the B4 and B1 phases are significantly larger than those
for nanocrystals (i.e., 151 and 221GPa)14 and their bulk counterparts (i.e., 135 and 178
GPa).18 In particular, for the high-pressure B1 phase, the ZnO nanowire exhibited a 47%
enhancement in the bulk modulus compared with that for bulk ZnO. Such a size- and
morphology-induced enhancement of ZnO nanowire stiffness can be understood in
parallel with other nanomaterials. For example, CeO2 and -Fe2O3 nanoparticles
exhibited the same enhancement of the bulk modulus compared with the bulk
materials,35,37 whereas no obvious difference in compressibility was observed for ZnS
nanocrystals.32 In contrast, the compressibility of PbS and -Al2O3 was found to increase
with decreasing nanoparticle size. Furthermore, a strongly contrasting compressibility
was observed for TiO2 nanoparticles; that is, the bulk modulus of the rice-shape particles
was reduced, whereas that of the rod-shaped particles was enhanced by > 50% relative to
that of the bulk materials.38 Therefore, multiple factors contribute to the mechanical
properties of nanomaterials. In this case, the individual ZnO nanowires can be considered
to be single crystals with a strictly 1D morphology that carries very few or no defects.28
The high crystallinity and defect-free nature of the nanowires may contribute to the
enhanced mechanical properties. A similar scenario was also observed in SnO2
nanowires.11
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Figure 8.4 Pressure dependence of the unit cell volume for ZnO nanowire at room
temperature in comparison with those for bulk, and nanocrystals. Solid circles (B4
phase) and triangles (B1 phase) are the experimental data points obtained from this
work. The solid lines represent fits to the Birch-Murnaghan equation of state.
Dashed lines and dotted lines are the EOS for nanocrystals and bulk materials from
Ref. 14 and Ref. 18, respectively.
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Figure 8.5 Cell parameter ratio as function of pressure for ZnO nanowire. Solid and
opened triangle symbols represent the a/a0 and c/c0 for the B4 phase, respectively.
The solid circles are the a/a0 ratio for the B1 phase.

To understand the phase transition mechanism, we first plotted the a/a0 and c/c0 ratios
for the B4 phase as a function of pressure in Fig. 8.5, where a0 and c0 represent the
ambient pressure unit cell parameters. It can be seen that the c axis exhibits a higher
degree of pressure dependence (0.0070 Å/GPa) than the a axis (0.0041 Å/GPa) before the
onset pressure for the B4-to-B1 transition, indicating that the pressure-induced lattice
deformation was more prominent along the c axis. Moreover, from the pressure
dependence of the c/a axial ratio for the B4 phase depicted in Fig. 8.6, a turning point was
observed at 14 GPa, coincidental with the onset of the B4-to-B1 phase transition. Below
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this point, the c/a ratio follows an obvious decreasing trend and then abruptly increases
with compression until the transformation is complete. In Fig. 8.6, the internal structural
parameter u obtained from the Rietveld refinements was plotted as a function of pressure.
This parameter u is an atomic coordinate along the c axis for oxygen atoms residing on
the Wyckoff position (1/3, 2/3, u) in space group P63mc, which defines the relative
position of the two sub-lattices in the hexagonal wurtzite structure. Therefore, the
pressure dependence of the u value could serve as the path indicator of the structural
change. As indicated in Fig. 8.6, the u value remains almost constant with a very minor
decrease below 4 GPa and then increases slightly to 0.411 at 14 GPa. Thereafter, the u
values increase quickly up to ∼ 0.508 at 22 GPa, beyond which the B4 phase converts to
the B1 phase completely.
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Figure 8.6 Pressure dependence of c/a ratio (solid squares, left vertical axis) and the
internal structural parameter u of wurtzite structure ZnO (open triangles, right
vertical axis) as function of pressure obtained from Rietveld refinement. The lines
show the results from Refs. 20 (dashed line) and 16 (dot line), respectively.

These results help to evaluate the previously proposed phase transformation models. As
suggested by Saitta and Decremps,39 the B4 phase can be converted to the B1 phase via a
tetragonal path via an intermediate tetragonal phase characterized with each Zn (or O)
atom located at the body center of the square pyramid formed by five O (or Zn) atoms.
The c/a and u remain close to that of the B4 structure first; then, the c/a ratio decreases to
bring the Zn atom from the body center to the base center of the pyramid until u = 0.5,
resulting in the B1 structure. However, Limpijumnong and Jungthawa40 proposed an
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alternative model that the B4-to-B1 phase transition could follow a hexagonal path. In
this model, the c/a ratio first decreases continuously, whereas the u increases to 0.5. Then
the  angle (60°) opens up to 90°, and the B1 phase forms eventually. In this work, the c/a
ratio was observed to decrease monotonically with compression before the transition
started. Although the u values exhibited no obvious increase below 4 GPa, the overall
trend still demonstrated an increase in the u value with pressure, suggesting that the B4to-B1 phase transformation in the ZnO nanowire is more likely via the hexagonal rather
than the tetragonal path. This hexagonal model was also proposed for other ZnO
materials, such as nanocrystals,14 nanotubes,16 and their corresponding bulk
counterparts,18 as indicated by either the changes of the c/a ratio or the u values.
Therefore, our results indicate that the transformation path for the B4-to-B1 of ZnO is
independent of the morphologies or one dimensionality.

8.4 Conclusions
In summary, we have investigated the high-pressure structures and properties of the 1D
nanostructured ZnO using synchrotron X-ray diffraction. The B4-to-B1 phase
transformation was found to start at 13.7 GPa and to complete at 24.1 GPa, the highest
completion pressure for the B4-to-B1 phase transformation observed in ZnO so far. Upon
decompression, the pure high pressure B1 phase was found to persist down to 0.6 GPa.
Bulk moduli for the B4 and B1 phases were determined to be 208 and 334 GPa,
respectively, both of which were drastically enhanced as compared with ZnO in other
morphologies. Aided by the SEM images, the combined pressure-morphology effects on
ZnO wires can be understood based on other nanostructured materials previously studied.
Finally, the pressure dependence of both the unit cell parameter c/a ratio and the structure
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parameter u strongly suggests the B4-to-B1 phase transition for ZnO nanowire via the
hexagonal path.
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Chapter 9 Investigation of Size Effect on High-Pressure
Behaviors of ZnO Nanowires
9.1 Introduction
Nanostructured ZnO, particularly ZnO nanowires, has improved performance in
applications of nanoelectronics,1 piezoelectric devices,2 UV lasers,3 chemical sensors4
and atomic force microscopy (AFM) tips5 in contrast to bulk ZnO. Thus, nanostructured
ZnO has been studied extensively focusing on their structures, properties, fabrication
routes and applications, etc. High pressure, as a powerful tool, provides an alternative
effective driving force to tune the structures and thus properties of nanomaterials.
Therefore, high-pressure behaviors of nanostructured ZnO have been widely investigated.
It is well established that ZnO undergoes a phase transition from the wurtzite structure
(B4) to the rocksalt (B1) structure under high pressures regardless of its morphology and
grain size. However, the onset phase transition pressures appeared to be quite different.614

For instance, bulk ZnO exhibited a transition pressure of ~ 9 GPa,6,15-17 while the

transition pressure varies in ZnO nanoparticles from 10 GPa to 15 GPa depending on
their particle size. Our previous study showed that the B4 to B1 phase transition occurred
at 13.7 GPa in ZnO nanowires.18 Such a large variation was attributed to the various
properties of nanomaterials governed by many factors, such as their grain size,
morphology and structure, etc.19 For instance, our studies on other one dimensional
nanomaterials (e.g., SnO2 nanobelts and nanowires,20 BN nanotubes,21 GaN nanowires,22
ZnO nanowires,18 etc.) have successfully demonstrated that morphology plays an
important role in affecting their high-pressure behaviors. So far, there are several
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systematic studies of nanocrystals mainly focusing on the size effect on the structural
stability, transition pressure and compressibility in different materials.19,23-27 However, no
simple discipline is developed regarding how those factors affected the high-pressure
behaviors of nanomaterials. For instance, both elevation (e.g., CdSe,19 ZnS23 and
PbS24,25) and reduction (e.g., CeO226 and -Fe2O327) of the transition pressure were
observed in nanocrystals as the particle size decreased. As mentioned above, ZnO
nanocrystals exhibited a large variation of onset phase transition pressures for the B4 to
B1 phase transition. The highest transition pressure was 15.1 GPa observed in ZnO
nanocrystals with a particle size of 12 nm,28 while the lowest transition pressure of 10.5
GPa was found in nanoparticles with grain size of 50 nm.17 However, untill now, there is
no systematic high-pressure study on ZnO nanomaterials addressing the size effect.
In this chapter, we present the first systematical study on ZnO nanowires under high
pressure. Three ZnO nanowires samples with different widths were investigated under
high pressure using synchrotron X-ray diffraction. In addition to our previous study, the
size effects on the transition pressure, structural stability as well as the compressibility
are addressed. This systematic study will provide a pioneer view of size dependent effect
on high-pressure behaviors of ZnO nanowires.

9.2 Experimental section
ZnO nanowires/nanofibers were synthesized using the same method as described in
Chapter 8 via changing the concentration of the precursor solutions. Morphology of
synthesized samples was examined by SEM/EDX (Leo/Zesis 1540XB FIB/SEM). Three
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synthesized samples were named as ZnONW1, ZnONW2 and ZnONW3 in the order of
decreasing in their widths, and were studied under high pressure.
High-pressure experiments were performed using a symmetric DAC equipped with a
pair of type I diamonds with a culet size of 400 m. In-situ synchrotron X-ray diffraction
measurements were carried out at room temperature using the 16ID-B beamline of
HPCAT at the APS. The wavelength of the monochromatic X-ray used was 0.3980 Å.
Detailed information regarding to the beamline setup can be found in Chapter 2. The
obtained data were analyzed using Fit2D program. Detailed Rietveld analysis was
performed using the GSAS package. Information about the data analysis was included in
Appendix I and IV.

9.3 Results and discussion
9.3.1 Results
Fig. 9.1a and c showed the dimensions and morphologies of the ZnONW1 and
ZnONW3. ZnONW1 had a width of 150 nm – 200 nm and length of 3 m – 4 m.
ZnONW3 had a high-aspect-ratio nanostructure with size of 20 nm – 35 nm in width and
several hundreds of microns in length. Diameter of ZnONW2 was slightly smaller than
the ZnO nanowires (named as ZnONW) that was studied in Chapter 8. The SEM images
of ZnONW2 were included as Fig. A22 in Appendix IV.
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Figure 9.1 SEM images of ZnO nanowires taken before and after compressions. a, c are the
images for ZnONW1 and ZnONW3 before compression, respectively. b and d are images of
the recovered samples for ZnONW1 and ZnONW3, respectively.

In-situ X-ray diffraction measurements were performed on ZnONW1, ZnONW2 and
ZnONW3 under high pressure with selected XRD patterns depicted in Fig. 9.2, 9.3 and
9.4, respectively. All three samples started with a B4 phase indicated by the successful
indexing of X-ray patterns at the very bottom of Fig. 9.2, 9.3 and 9.4 using wurtzite
structure. Similar cell parameters of a=b=3.2419 Å and c=5.1832 Å with small variation
were obtained for all samples, which was in good agreement of previous results.29
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In ZnONW1, as indicated in Fig. 9.2, the wurtzite phase persisted to 6.5 GPa suggested
by the consistent indexing of its associated reflections. When the pressure was increased
to 8.7 GPa, a new reflection at 2 of 10.8178°was observed, which was indexed to the (2
0 0) reflection of rocksalt phase (B1), indicating the onset of B4 to B1 phase
transformation. The same phase transition was also observed in ZnONW2 and ZnONW3
supported by the appearance of the (2 0 0) reflection of B1 phase as shown in Fig. 9.3 and
9.4 labeled with black arrows, however, at different pressures (i.e., 9.2 GPa for ZnONW2
and 12.3 GPa for ZnONW3). The B4 to B1 phase transformation competed at 17.3 GPa
in ZnONW1 indicated by the depletion of all the reflections of wurtzite phase. The
completion of this phase transformation was observed at 19.2 GPa and 18.1 GPa for
ZnONW2 and ZnONW3, respectively. Beyond the completion pressure, all samples were
found in the B1 phase which sustained to the highest pressure achieved for each sample.
Because the B1 phase was reported to persist up to 200 GPa before undergoing another
phase transition,30,31 no further compression was carried out.
In order to check the reversibility and back transformation sequence of ZnO, which
may be governed by kinetic of these samples, X-ray diffraction measurements were also
carried out upon decompression for each sample. Selected XRD patterns were shown in
Fig. 9.2, 9.3 and 9.4 labeled by the dashed arrows. Upon decompression, B4 phase was
retrieved below 2.6 GPa in ZnONW1, supported by the reappearance of its representative
reflections (1 0 0), (0 0 2) and (1 0 1). Rietveld refinement analysis of the recovered
sample showed an abundance of 9% of the rocksalt phase maintained (Fig. A20 in
Appendix IV). The same backward phase transition was observed in ZnONW2 below 2.1
GPa. In contrast to these two samples, no B4 phase was obtained in ZnONW3 after the
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sample was decompressed to near ambient pressure (Fig. A33 in Appendix IV). These
strongly contrasting pressure-induced phase transformations of ZnO nanowires were
summarized in Fig. 9.5 compared with nanocrystals and bulk materials for following
discussion.
In addition, morphology of each sample after the compression was examined in order
to study the pressure-induced morphology modification (Fig. 8.1b and d). SEM images
for the recovered sample of ZnONW2 were failed to obtain due to the regret of
experiments. The morphologies of all the nanowires were modified to fragments with
different sizes by pressure. For instance, small wire fragments were maintained in
ZnONW1, and widths and length of these fragments are estimated to be > 300 nm and <
1 m, respectively. From those fragments, the original shape of ZnONW1 can still be
speculated. In contrast, in ZnONW3 most nanowires were completely compressed to fine
particles with no wire shape preserved.

167

~ ambient
1.3

Intensity (arb. unit)

(220)

(200)

(111)

2.6
6.6
11.6
(311) (222)

19.3
17.3
15.6
13.7
11.8
10.4
8.7
6.5

18

20

(203)

(104)

(201)

16

(202)

14

(004)

12

10

(112)

(110)

8

(103)

(102)

6

(100)
(002)
(101)

(200)

3.6

1.4 GPa
22

2 (degree)

Figure 9.2

Selected X-ray diffraction patterns of ZnONW1 upon compression and

decompression with pressure in GPa labeled. The solid and dashed arrows indicate the
compression and decompression sequence, respectively. The small arrow suggests the
appearance of reflection (2 0 0).
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Figure 9.3

Selected X-ray diffraction patterns of ZnONW2 upon compression and

decompression with pressure in GPa labeled. The solid and dashed arrows indicate the
compression and decompression sequence, respectively. The small arrow suggests the
appearance of reflection (2 0 0).
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Figure 9.4 Selected X-ray diffraction patterns of ZnONW3 upon compression and
decompression with pressure in GPa labeled. The solid and dashed arrows indicate the
compression and decompression sequence, respectively. The small black arrow suggests the
appearance of reflection (2 0 0).
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9.3.2 Discussion
In order to investigate the size effect on ZnO nanowires, results of ZnONW from
Chapter 8 were included.18 It had a width of 50 nm – 100 nm, which was similar to
ZnONW2 but with better crystallinity and uniformity. The B4 to B1 phase transformation
was observed in all the nanowires studied in this work, however, the onset phase
transition pressure as well as the duration regions were drastically different as indicated
in Fig. 9.5. Enhanced transition pressures were observed in ZnO nanowires with widths
less than 100 nm (i.e., ZnONW, ZnONW2 and ZnONW3). In contrast, no obvious
enhancement was found in ZnONW1 whose width was comparable to bulk materials.
Such a large size of ZnONW1 leaded to weakening of nano-effect, therefore, it behaved
almost equivalently to bulk ZnO under high pressures in terms of phase transition
pressure. According to previous study of nanomaterials, enhanced transition pressure
were mainly attributed to the increased surface energy of nanomaterilas in contrast to
their bulk counterparts.20,22 Thus, our samples (ZnONW, ZnONW2 and ZnONW3) had
higher surface energy comparing to bulk ZnO.
In addition, as seen in Fig. 9.5, completion pressures (Pc) of the B4 to B1 phase
transition in nanowires were also significantly higher than those in the corresponding
bulk materials, even nanocrystals. For instance, the Pc in ZnONW was almost twice than
that in bulk ZnO (i.e., 24.1 GPa in ZnONW vs 12.7 GPa of that in bulk ZnO). Such a
high Pc can be attributed to the widening of size distribution due to the broken down of
nanowires during compression, which was explained in detail in our previous paper.22,18

171

Figure 9.5 Summary of pressure-induced phase transformations for ZnO nanowires
upon compression (plain bars) and decompression (hatched bars) compared with
those for bulk ZnO and nanocrystals. The red, blue and purple colors stand for
wurtzite phase, rocksalt phase and the mixture of both phases, respectively.
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Table 9.1 Summary of high-pressure studies of ZnO with different morphologies.
pressure transmitting medium
morphology

dimension

Bulka

---

Nanocrystal

b

d

50 nm

bulk modulus (GPa)g
B4 phase

B1 phase

Helium

135

178

Silicon oil

151

221

c

d:10 – 70nm

4:1 MeOH-EtOH

152

242

Nanobeltd

w: 200 nmf

Silicon oil

164

194

Nanotube

e

nanowires (this work)

a

ZnONW1

w: 150 – 200 nm

Neon

126

184

ZnONW

w: 50 – 100 nm

Neon

208

334

ZnONW2

w: 50 – 70 nm

Neon

161

247

ZnONW3

w: 20 – 35 nm

Neon

121

154

Ref. 15. bRef. 29. cRef. 14. dRef. 10. ed: diameter. fw: width. gequation of state for each ZnO nanowires was included in Appendix IV (Fig. A21,
Fig. A28, and Fig. A34)
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Figure 9.6 Size dependence of the bulk modulus of B4 (square) and B1 (circle)
phases for ZnONW, ZnONW1, ZnONW2 and ZnONW3. The lines are only for eye
guidance.
The compressibility of B4 and B1 phases were examined and their bulk moduli (B0)
were listed in Table 9.1 in comparison with reference values.6,7,15,16,18 All the B0 values
were obtained by fitting the pressure-volume curves using the second-order BirchMurnaghan equation of state with B0' fixed at 4. B0 values for B4 and B1 phases of
ZnONW1 were 126 GPa and 184 GPa, respectively, which were similar to those for bulk
ZnO (i.e. 135 GPa and 178 GPa).15 This result further supported our previous conclusion
that nanomaterials trended to behave more similarly to their bulk counterparts as their
sizes became comparable. The relationship between bulk modulus of ZnO nanowires and

174

their widths (as shown in Fig. 9.6) demonstrated a trend that the compressibility was
enhanced as the size decreased existing in ZnO nanowires with width less than 100 nm.
So far there was no simple explanation for the size effect on the compressibility. The
same size induced enhancement of compressibility was reported previously in other
nanomaterials such as PbS24 and -Al2O332. Both papers proposed an explanation that the
enhancements of compressibility might be due to the increasing stress of the
nanomaterials upon compression. As particle size decreased, the efficiency of
transmitting the compressive stress from environment (e.g. pressure transmitting
medium) to the sample may be improved, resulting in the enhancement of compressive
stress.24,32 In this study, the SEM images of the nanowires taken before and after
compression clearly showed that their morphology were altered significantly upon
compression, especially ZnONW3, in which no wire shape was preserved. The nanowires
broke during the compression leading to reduction of grain size, which might further
enhance the compressive stress in the sample, resulting in a further increase in the
compressibility. Among all the nanowires studied in this paper, ZnONW presented the
highest B0 values of 208 GPa and 334 GPa for B4 and B1 phase, respectively. In contrast,
ZnONW2, which had a slightly smaller width, exhibited significantly lower bulk moduli
of 161 GPa and 247 GPa for B4 and B1 phases. There are many factors that determine
the mechanical properties of nanomaterilas. In this study, the difference in the quality of
crystallinity and uniformity may contribute to various compressibilities observed. By
examining their morphologies (Fig. 8.1 in Chapter 8 and Fig. A22 of Appendix IV), we
found ZnONW had better uniformity and smooth surface, while ZnONW2 had coarse
surface. Moreover, impurity was observed in ZnONW2 as well. The coarse surface and
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impurity may cause more defects in ZnONW2, which may reduce its mechanical
strength.20 Therefore, ZnONW2 showed a significant higher compressibility than
ZnONW.
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Figure 9.7 Pressure dependence of c/a for ZnONW, ZnONW1, ZnONW2 and ZnONW3.
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Figure 9.8 Pressure dependence of u for ZnONW, ZnONW1, ZnONW2 and ZnONW3.
The dotted lines are the boundaries of the B4-to-B1 phase transition labeled with Pi.
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In order to understand the phase transition mechanism, the c/a ratio for the B4 phase as
a function of pressure was plotted in Fig. 9.7. The slopes of all the samples were
negative, which not only confirmed that the pressure induced lattice deformation was
more prominent along the c-axis below the onset transition pressure, but also suggested
the phase transition in ZnO followed the hexagonal path, which was proposed by
Limpijumnong et al.6,9,18 Because following hexagonal path, the c/a ratio first decreased
continuously, whereas the u increased to 0.5. Then the  angle (60°) opened up to 90°,
and B1 phase formed eventually. In addition, the internal structural parameter u for each
sample was analyzed as well. The obtained u values from the Rietveld refinements for
each sample were plotted as a function of pressure in Fig. 9.8. For each sample, the u
value increased slowly with small variations below the phase transition pressures (Pi).
Thereafter, the u values increased quickly up to ~ 0.50 at pressure where phase transition
completed. These results further suggested that the B4 to B1 phase transformation in ZnO
nanowire was more likely via the hexagonal route than the tetragonal path. Same theory
was also proposed for other ZnO materials, such as nanocrystals6, nanotubes7 and
corresponding bulk counterparts15 indicated by either the changes of c/a ratio or the
values of u. Therefore, our results indicated that the transformation path for B4 to B1 of
ZnO was independent of grain size or one-dimensionality.

9.4 Conclusions
In conclusion, high-pressure behaviors of three different ZnO nanowires samples were
investigated and compared with results of previous study as well as corresponding
nanocrsytals and bulk counterparts. Our results showed that ZnO nanowires exhibited
significantly broadened phase transition regions compared with bulk materials regardless
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of their width, in which the pressure induced morphology modification was believed to
play a major role. Our results also suggested that nanomaterials will behave similarly as
bulk materials when their sizes are comparable. Most importantly, a trend, that decreases
in the width resulted in the enhancement of compressibility, was observed that in ZnO
nanowires with width less than 100 nm. Analysis of the c/a ratio as well as the u value
further supported that the B4 to B1 phase transition followed the hexagonal path instead
of the tetragonal route.
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Chapter 10 Summary and Future work
10.1 Summary
In this thesis, a series of materials were studied under high pressure, which were
assembled into two parts. In part I, molecules with ring structures, chlorocyclohexane
(CCH), azobenzene (AB) and its derivative compound hydrazobenzene (HAB), were
examined under high pressure aiming at investigating pressure-induced phase
transformations, molecular conformation change, stability of ring structures, as well as
their reactivity. In part II, one dimensional (1D) nanostructured inorganic materials, such
as BN nanotubes, GaN nanowires, TiO2 nanowires, and ZnO nanowires, were studied
under high pressure focusing on the pressure-induced structural transitions,
compressibility, as well as the size- and morphology- effect on their high-pressure
behaviors. From our studies, we could draw some conclusions of pressure effect on
molecular structures.

10.1.1 Pressure effect on molecules with ring structures
The results of part I demonstrated that molecules that have high degree of freedom in
rearranging molecular conformation would likely undergo physical phase transitions
which were characterized of conformational change (e.g., CCH) and distortion of
molecular skeleton (e.g., HAB), and so on before chemical transitions occur. For AB
molecules, the conjugated electronic configuration increased their reactivity, thus would
undergo

chemical

transitions

such

as

pressure-induced

polymerization

and

amorphization, etc. Moreover, no destruction of ring structure was observed in any of
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these compounds, indicating their ring structures were surprisingly stable under high
pressure.

10.1.2 Pressure effect on 1D structured nanomaterials
Our results in part II showed that 1D nanomaterials behaved differently under high
pressure in comparison with their corresponding nanoparticles and bulk counterparts.
Broadened phase transition regions were observed in all the 1D nanomaterials studied
even in nanowires that have similar size as the bulk materials (e.g., ZnONW1 in Chapter
9), indicating that morphology might be main factor that caused the sluggish phase
transition range in 1D nanomaterials comparing with bulk materials. Moreover, our
results also indicated that 1D nanomaterials will behave similarly as their corresponding
bulk counterparts as their widths become comparable (e.g., NW2 of TiO2 nanowires in
Chapter 7 and ZnONW1 in Chapter 9). In ZnO nanowires, a trend that the
compressibility increases as their width decreasing was observed. In addition, by
examining the morphology and structures of all the recovered samples in this thesis, we
found it is possible to obtain materials with desired structures as well as morphology via
combined pressure-morphology tuning.

10.2 Future work
By finishing this thesis, we have accumulated some basic knowledge of pressure effect
on molecular structures. However, there are many problems remained for further
investigation.
For instance, in part I, the crystal structures of high-pressure phases of CCH are still
unclear, which required additional investigations using different probes such as X-ray
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diffraction to solve the structures. For AB and HAB, higher pressure (e.g., > 30 GPa) is
needed to study pressure-induced polymerization involving the phenyl ring. Moreover, it
is very interesting to study photon induced chemical reaction in these molecules,
especially for AB that has conjugated electronic configuration.
In part II, in order to gain more information to further understanding size- and
morphology- effect on the high-pressure behaviors of TiO2 nanowires and ZnO
nanowires, more samples with less impurity and within good uniformity are needed, and
investigated under high pressure.
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Appendix I Data Analysis Methods
A1.1 FIT2D
FIT2D is both a general purpose and specialist analysis program supporting one and
two dimensional data processing. The FIT2D also recognizes data from many types of
detectors such as MAR detector which is used widely in synchrotron facilities. Therefore,
it is used generally at most of the European Synchrotron Research Facility beam lines and
by many other crystallography groups throughout the world. For the XRD experiments,
raw data are collected as 2D images of Debye-Scherrer rings which are difficult for
further analysis. FIT2D allows the 2D images to be integrated to 1D profile with user
specified 2 or radial direction. Therefore, it provides a variety of different output
possibilities, such as a number of different 2 scans, for different azimuth ranges; a 1D
profile of intensity of a ring as a function of azimuth; or a polar transform of the data. In
addition, it also allows interactive definition of masked areas i.e. pixel which will be
ignored during further operations. Moreover, the output formats are also variable such as
GSAS formats, Cerius formats, as well as ASCII format, which can be used for multiple
purposes for further analysis. For instance, the GSAS format can be used in the Rietveld
refinement analysis. Following are the typical interfaces of the FIT2D program.



Website: http://www.esrf.eu/computing/scientific/FIT2D/

184

Figure A1 Raw 2D XRD image of GaN nanowires taken at ambient pressure.
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Figure A2 Experimental parameters used for data analysis for GaN nanowires.

186

Figure A3 1D X-ray diffraction pattern converted from the original 2D image of
GaN nanowires in Fig. A1.
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A1.2 Rietveld refinement method
Rietveld refinement is a technique developed by Hugo Rietveld for use in the
characterization of crystalline materials. The neutron and XRD of powder samples result
in patterns characterized by peaks in intensity at certain positions. The height, width and
position of these peaks can be used to determine many aspects of the materials structure.
The Rietveld method uses a least squares approach to refine a theoretical line profile until
it fits the measured profiles.
The principle of the Rieveld method is to minimize a function M which represents the
difference between a calculated profile y(calc) and the observed profile y(obs). The
function M is defined as following.
1


M  Wi  yiobs  yicalc 
c


i

2

(A1)

where Wi is the statistical weight and c is an overall scale factor such that ycalc=c yobs.
The most used software for Rietveld refinement is the General Structure Analysis System
(GSAS), see Appendix III.
Many programs are written to process Rietveld refinement, such as GSAS + EXPGUI,
Fullprof and PowderCel, which can be used freely and are available on the internet. There
are other commercial programs such as MDI Jade and Bruker ToPAS. In this project, the
program GSAS + EXPGUI is used for all the refinements.



Website: http://www.ccp14.ac.uk/ccp/web-mirrors/lutterotti/~luttero/laboratoriomateriali/Rietveld.pdf
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A1.3 GSAS
GSAS is a comprehensive system for the refinement of structural models to both X-ray
and neutron diffraction data, which is created by Allen C. Larson and Robert B. Von
Dreele of Los Alamos National Laboratory. The GSAS package can be used with both
single and powder crystal diffraction data, even both simultaneously. In GSAS, up to 99
different sets of data can be modeled using mixtures of up to 9 different phases.
However, GSAS is copyright and cannot be used freely. The advance software is
EXPGUI.
EXPGUI, written by Brian H. Toby of the NIST Center for Neutron research, is a
graphical interface package that allows many of the most commonly used features within
GSAS to be accessed, but far from all these features. EXPGUI does two things: it can be
used to directly modify the data profile in a GSAS format with a graphical user interface
(GUI), and it can also be used to invoke the programs inside the GSAS package such as
EXPEDT, GENLES and FOURIER etc.



http://www.ccp14.ac.uk/ccp/ccp14/ftp-mirror/gsas/public/gsas/manual/GSASManual.pdf
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Appendix II Supporting Materials for Chapter 6

Figure A4 Debye-Scherrer 2D X-ray diffraction patterns of GaN nanowires at
ambient pressure (a), 65 GPa (b), 20.9 GPa upon decompression (c) and ambient
pressure upon complete decompression (d).
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Figure A5 Rietveld refinement of XRD pattern for GaN nanowires at 0.5 GPa on
compression. The observed data are depicted in crosses (obs), while green and black
solid lines are the calculated (calc) profile and the difference (diff: Iobs – Icalc) curve,
respectively. The vertical bars indicate the reflection positions for crystal structures:
blue: B4 phase with P63mc space group; and magenta: B1 phase with Fm 3 m space
group.
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Figure A6 Rietveld refinement of XRD pattern for GaN nanowires at 50.7 GPa on
compression. See Fig. A5 for figure caption.
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Appendix III Supporting Materials for Chapter 8

Figure A7 Rietveld refinement of XRD pattern for ZnONW at 0.7 GPa on
compression. The observed data are depicted in crosses (obs), while green and black
solid lines are the calculated (calc) profile and the difference (diff: Iobs – Icalc) curve,
respectively. The vertical bars indicate the reflection positions for crystal structures:
blue: B4 phase with P63mc space group; and magenta: B1 phase with Fm 3 m space
group.
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Figure A8 Rietveld refinement of XRD pattern for ZnONW at 13.7 GPa on
compression. See Fig. A7 for figure caption.

Figure A9 Rietveld refinement of XRD pattern for ZnONW at 15.1 GPa on
compression. See Fig. A7 for figure caption.
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Figure A10 Rietveld refinement of XRD pattern for ZnONW at 26.4 GPa on
compression. See Fig. A7 for figure caption.

Figure A11 Rietveld refinement of XRD pattern for ZnONW at 4.5 GPa on
decompression. See Fig. A7 for figure caption.
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Appendix IV Supporting Materials for Chapter 9
A 4.1 Rietveld refinement analysis of ZnONW1

Figure A12 Rietveld refinement of XRD pattern for ZnONW1 at 1.4 GPa on
compression. See Fig. A7 for figure caption.
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Figure A13 Rietveld refinement of XRD pattern for ZnONW1 at 6.5 GPa on
compression. See Fig. A7 for figure caption.

Figure A14 Rietveld refinement of XRD pattern for ZnONW1 at 8.7 GPa on
compression. See Fig. A7 for figure caption.
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Figure A15 Rietveld refinement of XRD pattern for ZnONW1 at 10.4 GPa on
compression. See Fig. A7 for figure caption.

Figure A16 Rietveld refinement of XRD pattern for ZnONW1 at 17.3 GPa on
compression. See Fig. A7 for figure caption.
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Figure A17 Rietveld refinement of XRD pattern for ZnONW1 at 19.3 GPa on
compression. See Fig. A7 for figure caption.

Figure A18 Rietveld refinement of XRD pattern for ZnONW1 at 6.6 GPa on
decompression. See Fig. A7 for figure caption.
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Figure A19 Rietveld refinement of XRD pattern for ZnONW1 at 2.6 GPa on
decompression. See Fig. A7 for figure caption.

Figure A20 Rietveld refinement of XRD pattern for ZnONW1 at near ambient
pressure on decompression. See Fig. A7 for figure caption.
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Figure A21 Pressure dependence of the unit cell volume for ZnONW1 at room
temperature. Solid circles and solid squares are the experimental data points
obtained from this work. Solid lines represent fits to the Birch-Murnaghan equation
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A 4.2 Rietveld refinement analysis of ZnONW2

Figure A22 SEM image of ZnONW2 taken before compression. The inset was taken
with a larger magnification.
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Figure A23 Rietveld refinement of XRD pattern for ZnONW2 at 11.3 GPa on
compression. See Fig. A7 for figure caption.

Figure A24 Rietveld refinement of XRD pattern for ZnONW2 at 23.4 GPa on
compression. See Fig. A7 for figure caption.
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Figure A25 Rietveld refinement of XRD pattern for ZnONW2 at 6.1 GPa on
decompression. See Fig. A7 for figure caption.

Figure A26 Rietveld refinement of XRD pattern for ZnONW2 at 2.1 GPa on
decompression. See Fig. A7 for figure caption.
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Figure A27 Rietveld refinement of XRD pattern for ZnONW2 at neat ambient
pressure on decompression. See Fig. A7 for figure caption.
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Figure A28 Pressure dependence of the unit cell volume for ZnONW2 at room
temperature. Solid circles and solid squares are the experimental data points
obtained from this work. Solid lines represent fits to the Birch-Murnaghan equation
of state.
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A 4.3 Rietveld refinement analysis of ZnONW3

Figure A29 Rietveld refinement of XRD pattern for ZnONW3 at 1.2 GPa on
compression. See Fig. A7 for figure caption.
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Figure A30 Rietveld refinement of XRD pattern for ZnONW3 at 11.8 GPa on
compression. See Fig. A7 for figure caption.

Figure A31 Rietveld refinement of XRD pattern for ZnONW3 at 13.8 GPa on
compression. See Fig. A7 for figure caption.
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Figure A32 Rietveld refinement of XRD pattern for ZnONW3 at 14.5 GPa on
compression. See Fig. A7 for figure caption.

Figure A33 Rietveld refinement of XRD pattern for ZnONW3 at near ambient
pressure on decompression. See Fig. A10 for figure caption.
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Figure A34 Pressure dependence of the unit cell volume for ZnONW3 at room
temperature. Solid circles and solid squares are the experimental data points
obtained from this work. Solid lines represent fits to the Birch-Murnaghan equation
of state.
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